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Failure  Analysis  Associates  (FaAA)  was  supplied  with  49  randomly  selected 
retired  TF-33  third  stage  turbine  disks  for  this  project.  Each  disk  had  10  bolt 
holes  which  were  susceptible  to  fatigue  darage.  Each  bolt  hole  was  Inspected  by 
up  to  five  separate  inspectors  using  both  conventional  and  high-resolution  eddy 
current  nondestructive  inspection  (NDI)  equipment. 

Following  the  NDI  inspections,  each  bolt  hole  was  mechanically  and 
electrically  polished  before  replication.  Each  replica  was  then  examined  under 
a  microscope.  In  total,  over  1000  replicas  were  made  and  examined  in  order  to 
locate  and  measure  the  surface  crack  lengtf-s  in  each  oT  the  490  bolt  holes 
inspected.  The  replicas  revealed  R47  su''frioe~connected  cracks  in  2fe0  bolt 
holes.  In  the  remaining  210  bolt  holes,  no  surface-connected  cracks  were  found; 
only  four  of  the  49  disks  inspected  were  lu't  cracked.  After  replication,  28 
bolt  holes  were  metal ographi cal ly  sectioned  to  measure  the  depth  of  56  surface 
crack  indications.  The  sectioning  results  of  the  56  surface  cracks  provided  the 
crack  shape  information  necessary  to  convert  surface  crack  lengths  measured  on 
each  replica  into  crack  depth.  Inspectir..i  reliability  for  both  radially  inward 
(RI)  and  outward  (RO)  bolt  hole  surfaces  rsre  then  calculated  separately  for 
each  of  the  three  independent  inspeccior.-  that  could  distinguish  the  difference 
between  RI  and  RO  indications. 

In  a  parallel  effort,  various  RFC  en.'lytical  procedures  were  developed  and 
tested  using  Monte  Carlo  simulation.  RFC  Procedure  No.  1  was  deterministic  and 
totally  uncalibrated  against  field  expe’^ence.  RFC  Procedure  No.  2  calibrated 
each  disk  by  selecting  a  stre^ss  that  wo.ild  have  been  required  to  cause  the 
measured  crack  size  at  the  reported  njn'ber  of  cycles.  However,  RFC  No.  2  was 
also  without  memory  and  therefore  coild  not  react  to  the  overall  fleet 
experience.  RFC  Prdeedure  No.  3  v^^s  r.ot  calibrated  for  each  individual  disk 
according  to  its  measured  crack  size,  but  it  did  use  all  past  field  performance 
knowledge  to  adjust  the  allowable  cyclic  life  extension.  Thus,  the  inspection 
and  analysis  team  had  both  the  memory  and  the  ability  to  react  and  improve  the 
RFC  procedure  on  an  ongoing  basis.  RFC  Procedure  No.  4  combined  the 
improvements  of  RFC  Procedure  Nos,  2  and  3.  Each  disk  was  calibrated  to  account 
for  (1)  the  stress  that  would  have  been  required  from  the  measured  crack  size, 
and  (2)  the  overall  performance  of  the  fleet.  This  calibration  allowed  for 
continuous  updating  and  improvement  to  the  RFC  procedure.  Through  computer 
simulation  each  RFC  procedure  was  evaluated  against  changes  in  allowable 
cycle-based  safety  factor  (inspection  interval),  inspection  reliability,  maximum 
allowable  inspection  interval,  maximum  allowable  crack  size,  and  cycle  counting 
errors. 

The  final  task  in  this  project  was  an  RFC  specimen  verification  task  in 
which  32  bolt  hole  specimens  were  fatigue-cycled  to  failure.  Periodically 
during  the  life  of  each  specimen  they  were  inspected  using  the  high-resolution 
eddy  current  probe  system,  whose  reliability  had  been  evaluated.  Three  cyclic 
stress  levels  and  reasonable  cycle  counting  errors  were  incorporated.  The 
analyst  was  only  given  the  measured  crack  size  and  the  indicated  cycles  from 
which  to  determine  the  next  inspection  interval.  The  exact  cyclic  stress  and 
real  number  of  cycles  were  known  only  to  the  test  engineer.  Various  RFC 
procedures  were  evaluated  using  this  laboratory  data.  The  results  indicated 
that  (1)  RFC  Procedure  Nc.  4  docs  result  In  a  sinnificant  cost  savings  by 
extending  the  useful  life  of  the  specimen  and  (2)  a  fleet  of  only  32  specimens 
is  not  sufficient  to  detevinine  the  optimal  RFC  procedure. 
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Calculate  (ro,  t^)  Graphically  as  Above,  or  from  Equations 
7-17b  or  C-8^..: . . .  7-27 
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1.0  SUftMRY 

As  the  replacement  cost  for  jet  engine  components  Increases  and  the 
average  age  of  the  fleet  starts  t.i  approach  the  "traditional"  design  life, 
major  life  cycle  cost  savings  can  potentially  be  accrued  from  a  "Retirement 
for  Cause"  (RFC)  approach  to  component  retirement.  This  approach  takes  advan¬ 
tage  of  the  ability  of  most  members  of  a  population  (or  "fleet")  of  engine 
components  to  perform  safely  for  several  lifetimes  longer  than  the  traditional 
design  life.  The  traditional  design  life  limit  is  intended  to  ensure  adequate 
fatigue  performance  of  an  entire  fleet  of  new  components  without  the  benefit 
of  in-service  inspections.  The  RFC  approach  is  to  retire  components  only  when 
unacceptable  cracking  is  detected  by  Inspection  and  to  allow  the  remaining 
components  to  stay  in  service  until  periodic  inspection  identifies  an  unac¬ 
ceptable  crack  size.  The  RFC  approach  in  general  is  applicable  to  any  failure 
nwde  that  can  be  forestalled  effectively  with  periodic  inspections. 

The  retired  TF-33  third  stage  turbine  disks  presented  to  both  the  Air 
Force  and  the  Defense  Advanced  Research  Project  Agency  (DARPA)  a  unique  oppor¬ 
tunity  to  develop  an  RFC  approach  using  disks  that  had  developed  in-service 
fatigue  cracks.  Failure  Analysis  Associates  (FaAA)  was  supplied  with  49  ran¬ 
domly  selected  retired  turbine  disks  for  this  project.  Each  disk  had  10  bolt 
holes  which  were  susceptible  to  fatigue  damage.  As  will  be  discussed  later, 
each  bolt  hole  had  two  locations  where  high  cyclic  stresses  caused  fatigue 
crack  initiation:  radially  inward  (Rl)  toward  the  bore  of  the  disk  and 
radially  outward  (RO)  toward  the  rim  of  the  disk.  Each  bolt  hole  was  In¬ 
spected  by  up  to  five  separate  Inspectors  using  both  conventional  and  high- 
resolution  eddy  current  nondestructive  inspcjction  (NUI)  equipment. 


1-1 


Following  the  NDI  inspections,  each  bolt  hole  was  laechanical ly  en-J 
electrically  polished  before  replication.  Each  replica  was  then  examined 
under  a  microscope.  In  total,  over  1000  replicas  were  made  and  examined  in 
order  to  locate  and  measure  the  surface  crack  lengths  in  each  of  the  490  bolt 
holes  inspected.  The  replicas  revealed  847  surface-connected  cracks  in  280 
bolt  holes.  In  the  remaining  210  bolt  holes,  no  surface-connected  cracks  were 
found;  only  four  of  the  49  disks  inspected  were  not  cracked.  After  replica¬ 
tion,  28  bolt  holes  were  metal ographi cal ly  sectioned  to  measure  the  depth  of 
56  surface  crack  indications.  The  sectioning  results  of  the  56  surface  cracks 
provided  the  crack  shape  information  necessary  to  convert  surface  crack 
lengths  measured  on  each  replica  into  crack  depth.  Inspection  reliability  for 
both  radially  Inward  and  outward  bolt  hole  surfaces  ware  then  calculated 
separately  for  each  of  tne  three  independent  inspections  that  could  distin¬ 
guish  the  difference  between  RI  and  RO  indications. 

In  a  parallel  effort,  various  RFC  analytical  procedures  were  developed 
and  tested  using  Monte  Carlo  simulation.  RFC  Procedure  No.  1  was  ci-‘terminis- 
tlc  and  toiilly  uncalibrated  against  field  experience.  RFC  Procedure  No.  2 
calibrated  each  disk  by  selecting  a  stress  that  would  have  been  required  to 
cause  the  measured  crack  size  at  the  reported  number  of  cycles.  Harttrer,  RFC 
No.  2  was  also  without  memory  and  therefore  could  not  react  to  the  overall 
fleet  experience.  RFC  Procedure  No.  3  was  not  calibrated  for  each  individual 
disk  according  to  Its  measured  crack  size,  but  It  did  use  all  past  field  per¬ 
formance  knowledge  to  adjust  the  allowable  cyclic  life  extension.  Thus,  the 
Inspection  and  analysis  team  had  both  the  memory  and  the  ability  to  react  and 
improve  the  RFC  procedure  on  an  ongoing  basis,  RFC  Procedure  No.  4  combined 
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the  IfRprovenants  of  RFC  Procedure  Nos.  2  and  3.  Each  disk  was  calibrated  to 
account  for  (1)  the  stress  that  would  have  been  required  fro^  the  nieiaured 
crack  sire,  and  (2)  the  overall  performance  of  the  fleet.  This  calibration 
allowed  for  continuous  updating  and  improvement  to  the  RFC  procedure.  Through 
computer  simulation  each  RFC  procedure  was  evaluated  against  changes  in  allow¬ 
able  cycle-based  safety  factor  (inspection  Interval),  inspection  reliability, 
maximum  allowable  irspnetion  interval,  maximum  allowable  crack  size,  and  cycle 
counting  errors. 

The  final  task  in  this  project  was  an  RFC  specimen  verification  task 
in  which  32  bolt  hole  specimens  were  fatigue -eye led  to  failure.  Periodically 
during  the  life  of  each  specimen  they  were  inspected  using  the  hlgh-resf.lution 
edd^  Current  probe  system,  whose  reliability  had  been  evaluated,  three  cyclic 
stress  levels  and  reasonable  cycle  counting  errors  were  incorporated.  The 
analyst  was  only  given  the  measuted  crack  size  and  the  indicated  cycles  fiom 
which  to  determine  the  next  inspection  Interval,  The  exact  cyclic  stress  and 
real  number  of  cycles  viere  known  only  to  the  test  engineer.  Various  RFC  pro¬ 
cedures  we?e  evaluated  using  this  laboratory  data.  The  results  indicated  that 
(i)  RFC  Procedure  no.  4  does  result  in  a  significant  cost  savings  by  extending 
the  useful  life  of  the  specimen  and  (2)  a  fleet  of  only  32  specimens  Is  not 
sufficient  to  deteniilne  the-  optimal  RFC  procedure. 

Tins  project  has  shown  that  RFC  of  inspectable  components  it  very  cost 
erfective.  Even  under  actual  service  conditions  and  considering  actual  uncer¬ 
tainties  in  design,  manufacture,  usage  find  maintenance  if  the  optimal  RFC  par- 
u,T.eters  have  not  been  selected  initially,  an  experienced-based  RFC  procedure 
(RFC  Mu,  4)  will  tolfirate  initial  estimate  uncertainties  and  improve  with 
time. 
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2.0  mRODUCTlON  MO  OBJECTIVES 


Major  life  cycle  cost  savings  can  accrue  from  optimum  application  of 
nondestructive  inspection  (NDI).  However,  the  cost  effectiveness  of  NDI  is 
strongly  dependent  upon  many  diverse  factors  beyond  the  specific  inspection 
process  and  its  uncertainty,  sensitivity,  and  costs.  Specifically,  these  fac¬ 
tors  include  the  loads  and  environment  experienced  by  the  component;  the  con¬ 
sequences  and  costs  associated  with  component  failure;  the  quality  of  the 
material;  the  response  of  the  material  to  imperfections;  the  consequences  and 
costs  associated  with  rejection  of  a  component;  the  manufacturing,  mainte¬ 
nance,  logistics,  and  failure  sequence;  and  the  presence  of  other  failure  con¬ 
trol  procedures  and  constraints.  The  importance  of  many  of  these  factors  has 
been  recognized  for  scMJie  time;  however,  only  recently  have  these  diverse  fac¬ 
tors  been  quantified  and  integrated  into  a  methodology  for  predicting  the 
overall  cost  effectiveness  of  the  inspection  process.  This  methodology  can  be 
used  to  optimize  failure  control  programs  like  RFC  and  to  establish  meaningful 
goals  for  nondestructive  inspection  and  fracture  mechanics  development  pro¬ 
grams. 


FaAA  has  developed  a  general  methodology  tor  probabilistic  assessment 
of  inspection  performance,  fracture  mechanics,  and  RFC.  Major  goals  of  this 
project  were  to  convincingly  demonstrate  the  technical  feasibility  and  cost 
effectiveness  of  alternative  RFC  approaches  and  to  evaluate  the  impact  of 
uncertainty  In  input  data  likely  to  be  encountered  with  actual  engine  disk 
life  extension.  It  was  felt  by  the  Air  Force  and  ARPA  that  it  was  important 
to  refine  and  apply  this  new  methodology  under  ARPA  funding  to  develop  and 
verify  effective  RFC  strategies.  Furthermore,  the  retired  third  stage  turbine 
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disk  from  the  Tr-33  represents  a  unique  opportunity  to  utilize  parts  cracked 
in  engine  service  to  verify  the  basic  technologies  necessary  for  RFC. 


The  specific  objectives  of  this  program  were: 

1.  To  estimate  the  state-of-the-art  capability  to  nondestructi vely  detect 
and  evaluate  fatigue  damage  in  turbine  disks 

2.  To  verify  techniques  for  estimating  preinspection  material  quality  from 
nondestructive  observations 

3.  To  establish  effective  RFC  strategies  for  gas  turbine  disk  life  exten¬ 
sion 

4.  To  establish  the  sensitivity  of  these  RFC  strategies  to  uncertainty  in 
inspection  performance,  materials  performance,  disk  stresses  and  usage 

5.  To  demonstrate  in  a  laboratory  simulation  with  bolt  hole  specimens  the 
effectiveness  of  the  RFC  strategy 


3.0  FATIGUE  DAfMGE  DETECTIOM  CAPABILITY 

FaAA  had  five  independent  eddy  current  Inspections  performed  on  the 
boU  holes  of  49  retired  TP-33  third  stage  turbine  disks,  Figure  3-1.  Once 
the  eddy  current  inspections  had  been  cornpleted,  the  actual  surface  length  of 
each  crack  was  determined  In  the  laboratory  along  with  the  crack  depth  for  a 
variety  of  different  surface  lengths.  The  Inspection  reliability  was  then 
obtained  for  each  Inspection  using  the  actual  laboratory  crack  sizes. 

3.1  Eddy  Current  Inspection 

Five  Independent  eddy  current  Inspections  of  490  bolt  holes  have  been 
performed.  Two  Inspections  used  the  conventional  field  probe  and  instrumenta¬ 
tion,  Two  of  the  Inspections  utilized  conventional  state-of-the-art  (SOA) 
eddy  current  probes  and  Instrumentation,  and  the  last  Inspection  utilized  a 
high-resolution  probe  and  better  Instrumentation. 

All  of  the  eddy  current  Inspections  used  the  same  basic  procedure. 
The  sensing  element  Is  located  at  a  point  on  the  outside  diameter  of  the 
probe.  The  probe  Is  then  rotated  as  It  screws  down  through  the  bolt  hole. 
The  speed  at  which  the  probe  rotates  and  the  axial  advancement  of  the  probe 
per  rotation  may  vary  from  one  Inspection  to  the  next.  The  amount  of  probe 
advancement  per  probe  rotation  is  related  to  the  sensing  area.  As  the 
magnetic  field  becomes  more  concentrated,  and  reduces  the  sensing  area,  the 
probe  advancement  1$  reduced  to  ensure  100%  inspection  of  the  hole.  For  all 
of  the  laboratory  inspections,  the  directions  of  the  probe's  serrslng  element 
was  also  known  as  the  probe  advanced.  This  additional  feature  allowed  a 
distinction  between  cracks  propagating  RI  and  RO. 
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The  two  conventional  field  inspections  were  performed  at  Tinker  Air 
Force  Base  using  Gulton  FD-100  inspection  units.  The  first  Inspection  was 
done  using  depot  personnel  on  all  50  disks.  The  second  inspection  was  con¬ 
ducted  by  Tinker  AFB  laboratory  personnel  using  only  one  set  of  the  same 
equipment.  During  this  second  field  inspection,  36  disks  were  inspected  and 
the  results  were  recorded  on  magnetic  tape.  Data  reduction  for  the  first 
field  inspection  was  conducted  by  the  depot  personnel  and  data  reduction  for 
the  second  field  inspection  was  performed  by  FaAA. 

The  outside  laboratory  inspections  utilizing  conventional  SOA  eddy 
current  equipment  actually  inspected  each  bolt  hole  at  each  of  four  frequen¬ 
cies  (50,  100  ,  500,  and  1000  KHz)  using  the  NDT-15  instrumentation.  These 
inspections  will  be  identified  as  outside  laboratory  results  elsewhe^'e  in  this 
report.  However,  only  the  results  of  the  500  and  1000  KHz  frequencies  were 
selected  for  complete  analysis.  '  FaAA  personnel  performed  the  data  reduction 
and  analysis  of  these  Inspections. 

The  last  Inspection  using  a  high-resolution  (HR)  Reluxtrol  700-29 
CREQi^'”  eddy  current  inspection  system.  This  probe  was  constructed  specifi¬ 
cally  for  this  project  and  operated  at  5000  KHz  frequency.  The  crack  posi¬ 
tion,  crack  length,  and  crack  signal  amplitude  data  reduction  was  performed  by 
Reluxtrol . 

In  performing  these  eddy  current  inspections,  a  standard  is  required 
for  comparison  and  equipment  setup.  Bpit  hole  A  of  Disk  51'7431  was  selected 
and  used  as  the  standard  throughout  this  study.  The  only  exception  to  use  of 
this  standard  is  the  Tinker  AFB  data.  All  other  inspection  data  were  scaled 
around  the  crack  within  this  hole. 
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As  a  crude  comparison  of  inspection  results  before  the  real  crack 
sizes  were  available,  the  percentage  of  bolt  holes  cracked  was  used.  The 
depot  inspection  performed  at  and  called  by  tne  Tinker  AFB  personnel  indicated 
that  40.8%  (200/490)  of  the  bolt  holes  have  Indications.  The  second  depot 
inspection  performed  by  laboratory  personnel  at  Tinker  AFB  and  called  by  FaAA 
indicated  that  44.4%  (151/340)  of  the  bolt  holes  have  indications.  The  out¬ 
side  laboratory  inspection  performed  at  lOOC  KHz  for  41  disks  and  2000  KHz  for 
the  remaining  eight  disks  and  called  by  FaAA  Indicates  that  38.2%  (187/489)  of 
the  bolt  holes  have  indications.  The  high-resolution  system  laboratory 
inspection  performed  at  5000  KHz  frequency  indicated  that  55.5%  (201/362)  of 
the  inspected  bolt  holes  have  indications.  The  high-resolution  system  results 
showed  the  highest  percentage  of  bolt  holes  which  had  indications.  Both  depot 
inspections  and  the  outside  laboratory  itisuecLion  at  1000  KHz  resulted  in 
about  the  same  percentage  of  crack  bolt  holes. 

3.2  Replication  and  Destructive  Sectioning  Results 

The  fatigue  cracks  that  were  detected  within  the  bolt  holes  from  the 
various  eddy  current  inspections  were  tightly  closed  and  extremely  difficult 
to  detect  using  plastic  replicas.  For  this  reason,  a  procedure  was  developed 
to  enhance  the  detectability  of  these  cracks.  The  details  of  this  procedure 
are  described  below. 

Following  all  of  the  eddy  current  inspect 'ons,  the  bolt  holes  were 
first  optically  inspected  and  measured.  The  holes  were  then  mechanically 
polished  with  240  grit  paper.  The  240  grit  paper  was  attached  to  a  rotating 
arbor  that  t^’anslated  up  and  down  while  tu'"ninc  at  1725  RPM.  Typically  the 
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hole  diameter  Increased  by  0.0005  inch  during  the  mechanical  polishing.  The 
bolt  holes  were  then  electropol ished  in  a  90%  methanol  and  10%  sulfuric  acid 
electrolytic  solution.  The  temperature  of  the  electrolyte  was  maintained  at 
5°C  and  each  hole  was  electropoHshed  for  five  minutes.  This  electropolishing 
procedure  removed  between  0.0005  and  0.001  inch  of  the  diameter,  bringing  the 
total  material  removed  from  the  surface  preparation  to  less  than  0.001  inch, 
or  less  than  0.002  inch  increase  in  diameter. 

Once  the  bolt  holes*  surfaces  had  been  electropolished,  a  series  of 
scribe  lines  were  added  to  aid  in  determining  the  crack  locations.  Because 
each  hole  has  a  chamfer  on  both  the  front  and  rear  faces  of  the  disk,  it  was 
difficult  on  the  replica  to  exactly  locate  either  the  front  or  rear  edge  of 
the  bolt  hole.  For  this  reason,  two  circular  scribes  were  placed  inside  each 
hole,  0.1  inch  from  the  front  and  rear  faces  of  the  hole,  as  shown  in  Fig^ 
ure  3'’2,  These  scribe  lines  would  then  be  visible  on  the  replica  and  would 
act  as  depth  indicators  along  the  axis  of  the  bolt  holes.  In  addit.on  to  the 
circular  scribe  line,  scribe  lines  parallel  to  the  bolt  hole  center  line  were 
added.  At  the  0“  angular  position  (radially  inward)  a  single  scribe  line  was 
added,  as  shown  in  view  AA  of  Figure  3-2,  and  at  the  180**  angular  position 
(radially  outward)  two  parallel  scribe  lines  were  added,  as  shown  in  view  BB 
of  Figure  3--E.  These  parallel  scribe  lines  are  intended  to  accurately  locate 
the  0“  an-1  180“  positions  on  each  replica. 

The  next  step  was  to  make  two  plastic  replicas  of  each  bolt  hole,  one 
at  the  0“  position  and  one  for  the  180“  position.  The  replica  was  then 
mounted  on  a  glass  slide  for  handling  and  viewing  under  the  microscope.  All 
replicas  were  scanned  for  cracks  at  a  magnification  of  lOOX,  and  higher  magni¬ 
fications  were  used  to  examine  suspect  areas  and  to  separate  artifacts  from 
surface  cracks  on  the  replicas. 
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View  B-B  180®  Location 


Position  of  Scribe  Lines  Placed  Inside 
Each  Bolt  Hole  for  Accurate  Anqular  and 
Axial  Reference  Marks  which  are  Needed 
to  Record  Crack  Locations. 


The  large  cracks  were  easy  to  Identify  after  this  surface  prepara¬ 
tion.  Figure  3-3  shows  an  example  of  a  0.025-inch-long  RO  surface  crack  at  a 
lOOX  magnification.  Figure  3-4  shows  a  large  indication.  Prior  to  the  intro¬ 
duction  of  electropolishing,  even  these  large  indications  were  difficult  to 
find  on  the  replicas.  The  number  of  crack  indications  found  on  the  replicas 
as  a  function  of  crack  surface  length  is  shown  graphically  in  Figure  3-5,  As 
can  be  seen  from  this  bar  graph,  over  87%  (738/847)  of  the  cracks  found  were 
between  0.0  and  0.100  inch.  A  distribution  of  crack  length  within  the  0.0-  to 
0.100-inch  range  is  shown  in  Figure  3-6.  Figure  3-6  shows  the  730  cracks  less 
than  0.1  inch  long,  of  which  585  were  less  than  0.020  inch  long. 

The  dotted  line  in  Figures  3-5  and  3-6  represents  a  revised  population 
of  crack  lengths  that  was  determined  after  reviewing  the  destructive  section¬ 
ing  results  which  will  be  discussed  next.  Through  destructive  sectioning,  we 
found  that  most  surface  cracks  separated  by  less  than  0.040  inch  axially  on 
the  bolt  hole  surface  were  connected  on  some  subsurface  plane.  One  example  of 
this  is  hole  G  of  Disk  4,  in  which  the  replica  identified  two  cracks  of  0.007 
and  0.018  inch  in  length,  separated  by  0,040  inch.  The  destructive  sectioning 
revealed  that  these  two  cracks  were  connected.  It  was  also  observed  that  when 
the  separation  distance  was  greater  than  0.040  inch,  cracks  were  usually  not 
connected  below  the  surface.  Hence,  the  revised  crack  distribution  considered 
cracks  within  0.040  inch  of  each  other  on  the  surface  as  one  crack.  This  mod¬ 
ification  reduced  the  number  of  cracks  to  620.  The  dotted  lines  in  Figures  3- 
5  and  3-6  show  the  revised  distributions,  and  indicate  that  a  large  number  of 
small  cracks  less  than  0.020  inch  in  length  were  combined  to  form  longer 
cracks  during  this  data  processing. 


Figure  3-4  -  Large  Crack  Indication  in  a  Bolt  Hole  Which  Was 
Very  Easy  to  Find  on  the  Replica,  and  Extends 
Beyond  the  Photograph  in  Both  Directions, 
Magnification  =  lOOX. 


'acks  Found  in  TF-33  Turbine  Disks 


Following  the  replication  of  all  the  bolt  holes  to  obtain  sorrace 
crack  lengths,  a  number  of  bolt  holes  were  sectioned  to  obtain  the  specific 
crack  depth.  Some  56  surface  indications  found  in  28  bolt  holes  vjere  sec¬ 
tioned  to  obtain  the  crack  aspect  ratio  for  all  sizes  of  surface  crack 
lengths.  Sections  were  taken  through  the  bolt  hole  parallel  to  the  front  face 
of  the  disk  and  at  right  angles  to  the  center  line  of  the  bolt  hole.  The 
axial  position  along  the  bolt  hole  center  was  determined  from  the  replica.  If 
the  surface  crack  was  located  some  distance  from  either  free  surface  of  the 
disk,  the  first  step  was  to  cut  with  an  abrasive  cut-off  wheel  about  0.030 
inch  from  where  the  crack  first  appears  on  the  surface.  After  the  cut,  the 
section  was  rough  polished  to  the  location  of  interest  before  final  polish¬ 
ing.  The  final  polishing  step  was  with  0.05  micron  aluminum  oxide  powder  sus¬ 
pended  in  water.  The  section  was  then  inspected  under  th®  microscope  and  any 
and  all  craqk  Information  was  recorded.  To  locate  the  crack  in  the  circumfer¬ 
ential  position,  the  position  of  the  two  longitudinal  scribe  marks  were  also 
recorded. 


Once  the  section  plane  had  been  fully  documented,  the  mount  was  repol¬ 
ished  to  remove  between  .002  and  .020  inch,  depending  upon  the  surface  length 
of  the  crack  as  defined  by  the  replica.  The  crack  information  at  each  pla  se 
was  recorded,  and  this  procedure  was  continued  until  sufficient  information 
was  determined  for  establishing  the  crack  shape  (aspect  ratio).. 


For  example,  the  RI  location  of  hole  G  In  Disk  25  has  a  0.02B-1nch- 
long  surface  crack  as  revealed  by  the  replica.  Figure  3-7  shows  the  correla¬ 
tion  between  the  surface  crack  and  the  crack  depth  as  revealed  through  sec¬ 
tioning  at  various  levels.  The  first  crack  was  found  0,564  inch  from  the 
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front  face  of  the  disk  and  was  0.009  inch  deep.  The  next  section  examined  was 
0.569  Inch  from  the  front  face  of  the  disk  where  the  crack  depth  was  (0.005 
Inch  from  the  first  level)  0.014  inch.  Three  additional  planes  were  examined, 
as  Indicated  In  Figure  3-7.  The  maximum  crack  depth  was  0.018  inch  at  0.580 
inch  from  the  front  face  of  the  disk.  Pictures  of  the  cracks  found  on  the 
four  planes  are  shown  In  Figures  3-8  and  3-9.  Firure  3-8a  shows  the  crack  at 
0.564  inch;  Figure  3-8b  shows  the  crack  at  0.569  inch;  Figure  3-9a  shows  the 
crack  at  0.580  inch;  and  Figure  3-9b  shows  the  subsurface  crack  at  0.590  Inch 
from  the  front  face  of  the  disk. 

The  replica  of  hole  E  on  Disk  4  revealed  a  surface  connected  crack 
0.030  Inch  long.  Sectioning  of  this  hole  Indicated  a  crack  longer  than  0.060 
inch,  as  shown  in  figure  3-10,  and  shows  the  extent  of  subsurface  cracking  and 
ht'W  the  depth  of  these  cracks  changes  significantly.  For  example,  at  the 
0,622-Inch  plane,  the  crack  starts  at  0.016  inch  and  stops  0.024  inch  frotti  the 
bolt  hole  surface.  The  next  plane  was  examined  at  0,628  inch  from  the  front 
face  of  the  disk  where  the  crack  starts  at  0.040  inch  and  stops  0,057  inch 
from  tne  bolt  hole  surface. 


C.Q 


to  characterize  56  surface  crack 


indications.  Destructive  sections  were  chosen  to  investigate  the  entire  range 
of  surface  crack  lengths  found  with  the  replicas.  In  addition,  a  limited 
number  of  bolt  holes  were  selected  where  the  replica  showed  no  surface  cracks, 
but  which  were  Identified  to  be  cracked  by  eddy  current  inspection.  In  these 
bolt  holes  where  destructive  sections  were  identified  using  the  eddy  current 
results,  about  pQ%  of  J^e  signals  were  confirmed  as  cracks  and  50%  were  uncon¬ 
firmed. 
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0.580  Inches  From 

Front  Disk  Face 


b. 

0.590  Inches  From 

Front  Disk  Face 


Figure  3-9  - 


Disk  25,  Hole  G  -  Radially 
Results.  (Front  Disk  Face 
Magnification  -  lOOX 


Inward 
is  the 


Location,  Destructive 
Inlet  Side  of  Disk. ) 


Sectioning 
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The  results  of  the  725  destructive  sectioning  planes  taken  for  the  56 
surface  crack  indications  are  summarized  in  Figures  3-11  and  3-12.  Fig¬ 
ure  3-11  shows  the  real  crack  length  vef-sus  the  maximum  crack  depth,  where  the 
real  crack  length  includes  both  surface  and  subsurface  length  along  the  bolt 
hole  axis.  In  Figure  3-12,  the  real  crack  length  has  been  replaced  with  the 
surface  crack  length,  where  this  surface  crack  length  incorporates  the  separa¬ 
tion  distance  criterion  of  0.040  inch  for  combining  cracks.  The  results  of 
Figure  3-12  were  used  to  estimate  crack  depth  given  surface  crack  length.  The 
straight  line  shown  in  both  Figures  3-11  and  3-12  represents  a  constant  crack 
aspect  ratio  (a/c=0.35),  which  was  used  by  R.  J.  Hill  [2]  for  his  analysis  of 
spin  pit  crack  growth. 

3,3  Conventlona'l  Inspection  Reliability 

In  order  to  make  crack  length  comparisons  between  the  replica  results 
and  the  eddy  current  results,  a  conversion  was  needed.  By  knowing  the  approx¬ 
imate  sensing  area  (i.e.,  spot  size)  for  both  the  high-resolution  probe  and 
the  outside  laboratory  probe,  a  conversion  was  made  from  the  number  of  consec¬ 
utive  probe  turns  of  eddy  current  information  to  crack  length  for  the  various 
eddy  current  inspections.  Table  3-1  shows  this  conversion  for  the  first  eight 
consecutive  turns  of  the  probe  and  the  conversion  continues  in  the  same  format 
beyond  this  point.  The  table  shows  only  the  three  inspection  results  used  in 
the  Investigation.  As  was  mentioned  earlier,  the  other  irspection  data  could 
not  distinguish  between  RI  and  RO  cracks  within  the  bolt  hole.  By  distin¬ 
guishing  between  these  two  locations,  the  number  of  Vz  hole  volumes  was 
effectively  doubled. 
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It  Hole  Cut-Ups  Based  On  Real  Crack  Lengths, 


Length  for 


Table  3-1  -  Eddy  Current  Signal  to  Crack  Length  Convers 


The  conventional  detection/nondetection  countiny  analysis  was  con¬ 
ducted  using  various  agreesnent  critei-ia  which  are  listed  below: 

Indication  agreement:  Eddy  current  (EC)  inspector  called  an  indication 

within  the  bolt  hole. 

Location  agreement:  EC  inspector  called  the  correct  radially  inward 

(RI)  or  outward  (RO)  location  within  the  bolt 
hole. 

Length  agreement:  EC  inspection  satisfied  the  crack  location 

agreement  and  sized  the  correct  crack  length 
within  two  tirres  the  replica  crack  length  and 
one-half  the  replica  crack  length. 

Position  agreement:  EC  Inspector’s  call  satisfied  the  crack  length 

agreement  and  called  the  correct  axial  crack 
position  within  *1/8  (iO.106)  inch  of  the  bolt 
hole  height  (disk  thickness). 

As  previously  discussed,  a  “0.040-inch  combining  criterion"  was  used  to 
obtain  the  total  crack  lengths,  confirmed  by  destructive  sectioning  from 
multiple  nearby  crack  lengths  measured  by  surface  replication.  This  combining 
criterion  was  used  prior  to  constructing  the  population  of  maximum  crack 
lengths  in  1/2  bolt  hole  volumes  that  had  been  used  to  generate  the  inspection 
reliability  values  shown  in  Figures  3-13,  3-14,  and  3-15  for  each  of  the  three 
inspection  teams.  These  figures  represent  the  inspection  reliability  as  a 
function  of  the  precision  of  the  agreement  criteria  (indication,  indication  + 
location.  Indication  +  location  +  length,  indication  +  location  +  length  + 
position)  for  selected  surface  crack  length  intervals.  The  general  trends  of 
increasing  reliability  for  increasing  crack  sizes  and  decreasing  reliability 
for  more  stringent  agreement  criteria  are  present  for  all  three  inspections. 
The  high-resolution  inspection  appears  to  have  a  higher  reliability  than  the 
outside  labc  atory  inspections  for  all  crack  length  ranges. 
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Agreeinent  Criteria:  A  =  Indication 
B  =  A  +  Location  (I 
C  =  B  +  Lenoth  (2X 
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Agreement  Criteria;  A=  Indication 


For  Outside  Lab  (1000  KHZ)  Inspection  As  a  Function  of  Agreement 
Selected  Surface  Crack  Length  Inter\/als  Are  Indicated. 


The  Inspection  reliability  values  shown  in  Figures  3-13  through  3-15 
are  a  result  of  using  the  conventional  detection/nondetection  counting  analy¬ 
sis  with  the  further  requi retnents  of  crack  length  and  position  agreement.  In 
this  type  of  analysis,  the  eddy  current  signal  is  counted  as  a  crack  indica¬ 
tion  if  it  exceeds  a  predetermined  signal  value  and  is  not  counted  if  it  is 
less  than  the  predetermined  value.  This  counting  analysis  was  used  to  gener¬ 
ate  the  reliability  numbers  labeled  indication  in  Figures  3-1?,  3-14,  and 
3-15.  Note  that  no  consideration  is  given  to  probabilistic  aspect  of  the  dis¬ 
tribution  of  probe  signals  for  a  given  crack  size  in  the  conventional  analy¬ 
sis.  This  distribution  of  maximum  eddy  current  signals  for  a  given  maximum 
real  crack  size  within  a  V2  bolt  hole  volume  is,  however,  included  in  the 
inspection  uncertainty  analysis  P(aNa)  which  is  discussed  later  within  this 
report. 


Eddy  current  Inspection  reliability  decreases  if  the  inspector  s[»cc1- 
fies  the  location,  length,  and  position  of  the  crack  within  the  bolt  hole 
volume.  This  decrease  can  be  attributed  to  the  inspector's  inability  to  cor¬ 
rectly  size  the  crack.  As  was  discussed  earlier,  most  cracked  bolt  holes  have 
numerous  cracks;  therefore  it  is  impossible  to  know  which  crack  (if  any)  the 
EC  inspector  is  identifying  without,  more  specific  agreeiiient  criteria.  For 
example,  it  is  not  very  restrictive  to  ask  the  EC  inspector  to  Identify 
whether  the  crack  is  RI  or  RO.  However,  this  restriction  reduces  the  high- 
resolution  inspection  reliability  from  58%  to  Z5X  for  cracks  less  than  O.OlO 
inch  long  and  from  82X  to  71%  for  cracks  between  0.050  «r»d  0.100  incH  long. 
The  same  trend  is  true  for  the  outside  laboratory  inspect  ion  (1000  KHz).  Tlie 
1000  KHz  Inspection  reliability  is  reduced  from  35%  to  lOS  for  cifacks  less 
than  0.010  inch  long  and  from  65%  to  46%  for  cracks  between  0.050  and  0.100 
inch  long. 
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The  length  agreement  criteria  Is  more  stringent  and  for  this  analysis 
was  based  upon  Table  3-1.  Using  Table  3-1  and  the  acceptance  factor  of  2  (Va 
to  2)  for  crack  length,  the  Inspection  reliability  decreases  from  25%  to  20% 
for  cracks  less  than  0.010  inch  for  the  high-resolution  Inspection,  and  de¬ 
crease  from  10%  to  5%  for  the  outside  laboratory  (1000  KHz)  inspection. 

The  position  agreement  criterion  Is  even  more  stringent  and  depends 
upon  the  Inspector's  ability  to  know  when  the  eddy  current  probe  Initially 
enters  the  bolt  hole.  However,  a  positioning  error  of  *1/8  (±0.106)  Inch  of 
the  bolt  hole  means  a  tolerance  of  ±6  probe  turns  for  the  h1gh-resolut1on 
Inspection  and  ±4  probe  turns  for  both  of  the  outside  laboratory  Inspections 
to  accurately  locate  the  center  of  the  crack. 

In  the  next  section  of  this  report,  an  alternative  approach  will  be 
discussed  to  establish  the  Inspection  reliability  when  multiple  cracks  are 
present  within  each  1/2  bolt  hole.  This  approach  uses  only  the  maximum 
repllCii  crack  and  maximum  eddy  current  signal  for  each  V?  bolt  hole  (1  vol¬ 
ume)  for  comparison,  rather  than  the  multiple  cracks  and  multiple  eddy  current 
signal  that  was  used  In  the  above  analysis. 
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4.0  INSPECTION  IMCERTAINH  MiNLYSlS 


Inspection  uncertainty  analysis  Is  a  statistical  procedure  used  to 
express  the  reliability  of  an  Inspection  system  In  a  useful  manner.  The 
method  of  analysis  accounts  for  the  uncertainty  In  the  Inspection  signal  by 
establishing  the  distribution  of  maximum  eddy  current  crack  length,  a  ,  for 
the  maximum  real  crack  length,  a.  In  a  V2  bolt  hole  volume,  which  In  turn  Is 
used  in  the  following  equation  for  the  Inspection  reliability: 


P(K\a)  -  P(D\a)  P(£>a^ej\(a*0))^ 


(4-1) 


where 


rk  /  f\  V  -  \ 

\s) 


P(D\a) 


probability  of  rejecting  a  v'2  bolt 
hole  volume  given  that  a  crack  of 
length  a  exists  in  the  volume. 

probability  that  Inspection  system 
detects  a  crack  of  length  a. 


P(4>a^gj\(a.D))  »  probability  that  the  apparent  crack 

length  determined  from  eddy  current 
signals  Is  greater  than  or  equal  to 
the  rejection  crack  size  given  that  a 
crack  of  length  a  exists  and  has  been 
detected. 


As  can  be  seen  from  equation  (4-1),  P(a>apgj\(a,D))  describes  the  distribution 
of  eddy  current  signals  for  a  given  crack  size  after  detection  has  occurred. 
The  probability  of  rejection  given  a  maximum  crack  of  length  a  Is  composed  of 


* 


See  Appendix  D  for  a  discussion  of  probability  notation 


detection  and  sizing  events.  Through  our  data  manipulation,  the  detection  and 
sizing  events  have  been  combined  and  presented  as  cne  event  which  can  be 
represented  by  P(|->Aa)  and  can  be  restated  as  P(a>aj.g^\a).  Although  apej 
Is  not  specified,  the  inspection  uncertainty  function  P(a\a)  had  been  deter“ 
mined  for  all  three  inspections,  and  it  can  be  used  to  develop  P(a>apgj\a)  for 
any  specified  inspection-rejection  level,  apgj. 

4.1  Conversion  of  E:d4y  Current  Signals  to  Crack  Length  (Inch) 

Prior  to  establishing  P(a\a),  the  eddy  current  crack  length  in  inch,  a, 
has  to  be  defined  in  terms  of  the  inspection  signal  outputs  of  numoer  of  probe 
turns  and  voltage  amplitude  (percent  calibration  scale).  To  this  end,  a  non¬ 
linear  regression  analysis  was  used  to  correlate  the  maximum  real  crack  length 
found  by  replication  within  a  V2  bolt  hole  volume  to  both  the  number  of  probe 
turns  and  voltage  amplitude  for  the  maximum  eddy  current  signal  recorded  with¬ 
in  the  corresponding  bolt  hole.  For  the  high-resolution  inspection  results 
and  real  surface  crack  lengths  below  0.100  inch,  there  appeared  to  be  a 
stronger  correlation  between  crack  length  and  voltage  amplitude  than  between 
crack  length  and  number  of  probe  turns.  This  stronger  correlation  was  analyt¬ 
ically  confirmed  by  the  nonlinear  regression  analysis.  For  both  outside  lab¬ 
oratory  Inspection  results,  the  nonlinear  regression  analysis  resulted  In 
neither  turns  nor  voltage  amplitude  as  being  preferred  for  small  crack 
sizes.  The  number  of  turns  was  therefore  chosen  In  the  nonlinear  regression 
analysis  to  compute  S. 

The  following  best  fit  equations  represent  the  strongest  correlation 
to  convert  the  inspection  results  to  surface  crack  length: 


Outside  Laboratory  (500  KHz)  Inspection 

a  *  4,68  «  10“^  (Turns)  -t-  7,89  x  10"^,  for  Turns  >3  (4-2) 

Outside  Laboratory  (1000  KHz)  Inspection 

a  *  6.64  X  10“^  (Turns)l*342  +  g.O?  x  IQ-^,  for  Turns  >3  (4-3) 

High-Resolution  Inspection 

a  -[l-e  [2.3a  X  10^  (Turnsf*®^^  +3.5  x  16^]  + 

[e^^lL.48  X  10“**  (AMP)^*^®^  +  6.59  x  lO"^],  Turns  >1  (4-4) 

Hote  that  fo;  the  high-resolution  inspection,  the  bracKeted  expression 
involving  amplitude  will  dominate  for  eddy  current  signals  with  a  low  number 
of  turns  («5.85  turns)  whereas  the  bracketed  expression  involving  turns  will 

dominate  for  eddy  current  signals  with  a  larger  number  of  turns  (>5,85 

-Turns 
— 5755 

turns).  The  e  ’  terms  provide  for  a  smooth  curve  fit  in  the  vicinity  of 
5.85  turns.  Examination  of  equation  (4-4)  at  the  point  where  no  eddy  current 
signal  was  observed  (Turns»0,  Amp»0)  results  in  a  crack  length  of  0.0066  inch 
instead  of  zero.  This  value  is  a  result  of  the  extrapolation  performed  by  the 
regression  analysis  and  it  does  not  imply  that  0. 0066-Inch  cracks  were  assumed 
present  with  no  inspection  indication.  In  fact,  when  Turn  <  1  the  apparent 
crack  size  was  assumed  zero.  The  same  is  true  for  both  outside  laboratory 
results.  Equation  (4-2)  for  the  outside  laboratory  (500  KHz)  results  Indicate 
a  ■  0.0079  inch  when  turns  ■  0  and  for  the  outside  laboratory  (1000  KHz) 
results,  equation  (4-3),  indicates  a  ■  ,0031  inch  when  Turns  «  0.  In  both 
cases  when  the  nui^er  of  Turns  was  less  than  3,  the  apparent  crack  size  was 
assumed  zero. 


4-3 


In  the  next  step  of  the  analysis,  equations  (4'2),  (4-3),  and  (4-4) 
were  used  to  generate  the  apparent  crack  size  a.  This  apparent  crack  size  was 
obtained  by  substituting  the  measured  signal  responses  of  probe  turns  and/or 
voltage  amplitude  into  the  appropriate  equation.  Figures  4-1,  4-2,  and  4-3 
show  the  results  of  this  substitution  and  indicate  apparent  crack  size,  a, 
versus  real  crack  length,  a,  for  the  high-resolution,  outside  laboratory  (500 
KHz)  and  outside  laboratory  (1000  KHz)  inspections,  respectively.  In  each  of 
these  figures  a  line  labeled  exact  correlation  is  shown  which  represents  a 
one-to-one  correspondence  to  observed  eddy  current  crack  lengths  and  repli¬ 
cated  crack  lengths.  A  generally  expected  trend,  which  can  be  seen  in  Figures 
4-1,  4-2,  and  4-3,  is  that  less  scatter  (in  terms  of  percent  error  in  esti¬ 
mating  a)  is  observed  in  a  as  a  approaches  larger  crack  sizes.  This  trend  is 
a  result  of  the  nonlinear  analysis  because  the  regression  was  miniiRized  on 
crack  length  differences.  It  could  also  have  been  minimized  on  percent  error 
Instead,  however,  for  the  TF33  RFC  analysis,  sizing  of  large  cracks  is  more 
important  than  sizing  small  cracks. 

After  establishing  a  versus  a  for  the  3  different  inspectors,  the 
frequency  function  P(a\a)  was  estabilshed  by  taking  selected  real  crack  length 
intervals  and  establishing  the  distribution  of  a  within  the  intervals. 

4.2  Establishing  P(a\a) 

The  distribution  of  maximum  apparent  crack  size,  a,  given  a  maximum 
real  crack  of  length,  a,  in  a  Vz  bolt  hole  volume  was  established  from  the 
results  shown  in  Figures  4-1,  4-2,  and  4-3.  Vertical  slices  which  represented 
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Real  Crack  Lenr/th,  a  (Inches) 

ipparent  Crack  Length  for  Outside  Lab.  (1000  KHZ)  Inspection  Sicinals 
'ersLis  Real  Crack  Length  Measured  by  Replication.  Equation  4-3  was 
Ised  to  Convert  Eddy  Current  Inspection  ResuUs  to  Apparent  Crack  Lcn 


real  crack  length  Intervals  were  selected,  and  the  cumulative  frequency  dis¬ 
tribution  of  the  ratio  of  a  to  a  was  tabulated  and  plotted  on  Weibull  proba¬ 
bility  paper.  Figures  4-4,  4-5,  ar,d  4-6  are  I'epresentati ve  plots  of  the  cumu¬ 
lative  distribution,  P(a\a),  for  the  real  crack  intervals  of  0.001  to  0.010, 
0.040  to  0.060,  and  0.100  to  0.200  inch,  respectively,  for  the  high-resolution 
inspection.  A  few  items  must  be  mentioned  to  help  interpret  these  figures. 
Taking  Figure  4-5  as  an  example,  an  abscissa  value  of  a/a=2  implies  that  given 
a  real  crack  of  length  0,050  inch  (i.e.,  which  lies  in  the  interval 
0.040<a<0.060  inch),  the  apparent  crack  length  observed  by  the  eddy  current 
inspection  would  be  less  than  twice  that  (or  0.100  inch)  82%  of  the  time.  The 
circled  data  points  on  these  figures  indicate  cracks  within  the  Va  bolt  hole 
volumes  which  went  undetected  (a=0)  by  the  high-resolution  eddy  current 
Inspection.  Although  nondetection  points  are  plotted  according  to  equations 
(4-2),  (4-3),  and  (4-4)  with  a»0.0066,  the  nondetection  points  will  be  input 
as  a*0  in  the  RFC  procedure.  In  Figure  4-4,  the  detected  and  nondetected 
crack  sizes  overlap  while  in  Figures  4-5  and  4-6  there  is  a  sharp  delineation 
between  detection  and  nondetection.  For  example  in  Figure  4-5,  the  probabil¬ 
ity  of  not  detecting  a  crack  in  this  interval  is  about  50%,  and  in  the  0.100- 
to  0.2U0-inch  crack  length  interval  sunmarized  by  Figure  4-6,  the  nondetection 
probability  is  about  10%.  Given  an  actual  crack  length  of  between  0,040  and 
0,060  inch,  90%  of  the  time  the  apparent  crack  size  will  be  less  than  2.5 
times  the  real  crack  size,  i.e.,  a7a<2.5.  Similar  results  have  been  generated 
for  both  of  the  outside  laboratory  Inspections. 

Several  trends  can  be  seen  for  the  high-resolution  Inspection  uncer¬ 
tainty  by  comparing  Figures  4-4,  4-5,  and  4-6,  which  is  similar  for  the  other 
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Figure  4-5  -  Cumulative  Frequency  Distribution  of  Apparent  Crack  Length  to  Real  Crack 
Length  for  High  Resolution  Inspection.  Real  Crack  Length  Range: 

0.040  -  0.060  Inch. 


99.9 


Figure  4-6  -  Cumulative  Frequency  Distribution  of  Apparent  Crack  Length  to  Real  Crack  Length  for  High 
Resolution  Inspection.  Real  Crack  Length  Range:  0.100  -  0.200  Inch. 


two  Inspections.  First,  the  probability  of  detection  Increases  as  the  real 
crack  size  Increases.  Second,  the  distribution  of  apparent  to  actual  crack 
sizes,  a/a.  Is  tighter  as  the  cracks  become  larger.  Furthermore,  for  small 
crack  lengths  (0.001  to  0.010  Inch),  the  eddy  current  signal  tends  to  oversize 
the  c'eal  crack  length  more  so  than  for  larger  real  crack  lengths  on  a  percen¬ 
tage  basis.  This  may  In  part  be  due  to  the  regression  analysis  used  to  estab¬ 
lish  the  eddy  current  crack  length,  a. 


5.0  PRE-lNSPEaiON  MITERIAL  QUALITY 


The  pre-inspection  material  quality  ha'-  been  determined  from  the  dis¬ 
tribution  of  eddy  current  signals  for  each  Inspected  V2  bolt  hole  volume. 
This  probable  number  distribution  of  apparent  crack  lengths  Is  denoted  as 
pn(a)  and  is  used  directly  to  obtain  the  real  crack  length  (probable  number) 
distribution,  pn(a),  by  deconvolution  (solving  for  the  Integrand)  of  the  fol¬ 
lowing  Integral  equation: 


PK(a)» 


00 

pn(a)  P(D\a)pd(rtD,a)  da 


(5-1) 


Pd(a\a)=Pd(a\a) 

PN(a) 


(5-lA) 


where 

pn(a)  »  distribution  of  apparent  crack  lengths 

pn(a)  =  distribution  of  real  crack  lengths 

P(D\a)  »  probability  of  detection  given  a  crack  of  length  a 

pd(a\D,a)  ■  probability  of  the  apparent  crack  size,  a,  being  a  cer¬ 

tain  size  given  that  a  crack  of  length  a  exists  and  has 
been  detected. 


P(D\a)*  and  pd(a\(D,a))^''  have  been  determined  for  the  three  laboratory  inspec¬ 
tion  by  the  method  discussed  In  Section  4.2.  These  two  distributions,  along 
with  the  apparent  crack  distribution,  pn(a)*  will  be  used  to  pi'edict  the  pre¬ 
inspection  flaw  frequency  for  the  TF33  disk  bolt  holes.  This  methodology  for 


These  formulations  are  actually  expressed  In  terms  of  cumulative  frequency 
functions.  Th^arlous  distribution  functions  can  be  related  through 
pd(x)  “  pN(x)/ypN(x)dx  -  d(PD(K))/dx. 
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estimating  the  defect  distributions  will  be  verified  by  comparing  the  pre¬ 
dicted  defect  distribution  with  the  actual  defect  distributions  measured  frotn 
replication  and  destructive  sectioning. 

5.1  Pre-Inspection  Itoterial  (Juallty  Fro*  Bolt  Hole  Replication 

The  actual  pre-inspection  material  quality  defect  distribution  has  been 
determined  from  the  results  of  the  destructive  sectioning  and  surface  replica¬ 
tion.  The  defect  distribution  for  the  ^olt  hole  volumes  inspected  by  the 
high-resolution  system  (744  total  1/2  bolt  hole  volumes)  is  shown  by  histogram 
in  Figure  5-1.  «I  and  RO  cracks  are  represented  by  solid  and  dashed  lines, 
respectively.  Note  that  there  were  significantly  fewer  uncracked  RI  bolt 
holes  (126)  than  uncracked  RO  bolt  holes  (219).  Figure  5-2  Is  a  cumulative 
frequency  plot  of  pD(a),  the  data  in  Figure  5-1.  This  cumulative  plot  shows 
that  90%  of  the  RO  cracks  are  less  than  0.020  inch  in  length,  90%  of  all  Rl 
cracks  are  less  than  0.400  inch,  and  50%  of  all  RI  cracks  are  less  than  0.010 
inch. 


A  similar  cumulative  frequency  plot  of  pD{a),  obtained  from  destruc¬ 
tive  sectioning  and  replication  results  of  the  Vz  volumes  inspected 

by  the  outside  laboratories  (978  total  V2  bolt  hole  volumes)  is  shown  in 
Figure  5-3.  In  comparing  Figures  5-2  and  5-3,  the  only  significant  difference 
in  0fect  population  occurs  at  the  smaller  crack  sizes. 


219  Uncracked  R0  Voliimes 
126  Uncracked  RI  Volumes 
117  .001-. 020  Inch  R0  Cracks 
101  .001-. 020  Inch  RI  Cracks 


Figure  5-1  -  Frequency  Distribution  of  Real  Crack  Lengths  (a)  Determined  From  Surface  Replicatio 
For  the  1/2  Bolt  Hole  Volumes  Inspected  by  the  High  Resolution  Eddy  Current  System. 


R0  Cracks 


Figure  5-2  -  Cumulative  Frequency  Distribution  of  Real  Crack  Lengths  (a)  Determined 
From  Surface  Replication  For  the  1/2  Bolt  Hole  Volumes  Inspected  by  the 
High  Resolution  Eddy  Current  System. 


Cumulativa  Frequency  Distribution  of  Real  Crack  Lengths  (a)  Determined 
From  Surface  RepFication  For  the  1/2  Bolt  Hole  Volumes  Inspected  by  the 
Outside  Lab  (1  MHZ  and  500  KHZ)  Eddy  Current  Systems. 


5*2  A|)p«reitt  Crack  Distribution,  fD(a) 

The  cumulative  distribution  of  apparent  crack  size,  PD(a),  has  also 
been  determined  for  the  high-resolution  and  the  two  outside  laboratory  inspec¬ 
tions.  As  mentioned  previously,  a  values  were  generated  by  a  regression  anal¬ 
ysis  on  eddy  current  signals.  The  results  of  cumulative  frequency  distribu¬ 
tion  for  Pd(a)  for  the  high-resolution  and  outside  laboratory  (500  KHz)  in¬ 
spections  are  shown  in  Figures  5-4  and  5-5.  By  comparing  these  two  figures, 
it  is  seen  that  the  high-resolution  inspection  identified  a  smaller  percentage 
of  the  bolt  holes  uncracked  than  did  the  outside  laboratory  inspections.  For 
the  RI  location,  the  nigh-resolution  inspection  identified  48%  as  being 
uncracked,  whereas  the  outside  laboratory  (500  KHz)  inspection  identified  63% 
as  being  uncracked.  For  the  RO  location,  the  high-resolution  inspection  iden¬ 
tified  86%  as  being  uncracked,  whereas  the  outside  laboratory  (500  KHz)  in¬ 
spection  Identified  95%  as  being  uncracked. 

The  cumulative  frequency  distribution  for  PD(a)  and  PD(a)  for  the 
various  Inspections  can  be  compared  using  Figures  5-2  and  5-4  for  the  high- 
resolution  Inspection,  and  Figures  5-3  and  Figure  5-5  for  the  outside  labora¬ 
tory  (500  KHz)  inspection. 
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RP  Cracks 


Figure  5-4  -  Cumulative  Frequency  Distribution  of  Apparent  Crack  Lengths  (a)  Reduced 
Using  Equation  4-4  and  Eddy  Current  Signals  Recorded  by  High  Resolution 
Inspection  for  1/2  Bolt  Hole  Volumes. 


6.0  ECONOMIC  EQUATION  DEVEL0PNEN1 


The  costs  associated  with  various  decisions  is  an  important  aspect  in 
evaluating  which  RFC  procedure  is  best.  It  is  the  relative  cost  that  is  most 
important,  not  the  absolute  cost.  For  this  investigation,  FaAA  collected  cost 
information  on  disk  inspection,  disk  replacement,  and  disk  failure  in  ser¬ 
vice.  The  cost  to  inspect  this  third  stage  TF-33  disk  was  established  at 
$200,  and  disk  replacement  cost  was  established  at  $7,500.  The  design  life  of 
this  disk  was  established  at  750  cycles,  therefore  for  every  extra  cycle 
obtained  from  a  disk,  a  cost  benefit  of  $10  was  assigned  (i.e.,  $7500  per 
additional  design  life).  There  was  no  defined  cost  information  on  TF-33  disk 
failures  available  from  the  Air  Forte.  FaAA  has  used  $2,000,000  as  an  average 
failure  cost.  This  cost  assumes  that  most  disk  failures  destroy  one  complete 
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cost  is  $750,000). 


As  was  mentioned  above,  it  is  the  relative  costs  which  are  the  most 
Important.  A  disk  failure  costs  267  times  more  than  a  disk  replacement;  a 
disk  inspection  cost  is  only  3S  of  a  disk  replacement.  Based  on  these  costs, 
inspections  can  be  analytically  performed  relatively  inexpensively  and  disk 
failures  should  be  avoided.  These  cost  estimates  were  used  in  all  RFC  proce¬ 
dures  to  evaluate  the  economic  impact  of  the  different  procedures.  During  the 
RFC  verification  task  of  this  program,  these  costs  were  reduced  to  encourage  a 
higher  failure  rate.  Reducing  the  cost  of  failure  permits  worst-case  tails  of 
the  probability  distributions  to  be  evaluated  with  a  small  number  of  speci¬ 
mens,  The  actual  costs  used  are  discussed  in  the  verification  section  of  this 
report . 
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7.0  TASK  V  -  RETIRENENT-FQR-CAUSE  SYRATE&Y  QPTimZATION 

Analytical  development  and  evaluation  of  alternative  RFC  strategies 
was  accomplished  using  Inspection  reliability  data  generated  within  this  pro¬ 
ject.  The  following  accomplishments  were  completed: 

1.  The  fatigue  crack  Initiation  and  growth  behavior  observed  In  the  49 
disks  Inspected  In  this  program  was  analyzed. 

2,  The  observed  variability  In  fatigue  cracking  of  the  49  disk  popula¬ 
tion,  or  "fleet,"  was  represented  and  simulated  on  the  computer  using 
Monte  Carlo  simulation  software  (see  Appendixes  A  and  B). 

3)  The  reliability  of  the  three  actual  Inspection  procedures,  discussed 
previously,  and  a  fourth  hypothetical  procedure  far  superior  to  the 
three  real  ones,  were  also  represented  and  simulated  on  the  computer 
in  a  form  that  allows  great  generality  In  simulating  Inspection 
uncertainty. 

4)  The  RFC  procedure  was  greatly  improved  and  recoded  into  simulation 
software. 

5)  A  comprehensive  RFC  program  was  developed  to  quantitatively  evaluate 
alternative  RFC  procedures  when  applied  with  the  actual  variations 
and  uncertainties  demonstrated  by  the  data  generated  In  this  pro¬ 
gram.  The  computer  code  has  been  naa»ed  PERFCT,  Probabilistic 
Engineering  E^tlrement  £ause  Te*^®*’*  PERFCT  Is  documented  in 
Appendix  B  and  meets  all  major  objectives  of  the  computer  program 
REFRECH. 
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6)  PERFCT  was  ("un  extensively  to  produce  a  broad  parametric  study  of  the 
alternative  RFC  procedures.  It  identifies  the  strengths,  benefits, 
and  weaknesses  when  applied  to  actual  service  conditions. 

This  stud,y  addressed  the  R1  bolt  hole  cracks  that  control  the  life  of 
the  TF-33  disk,  More  complex  RFC  procedures  might  consider  simultaneously 
more  than  one  type  of  failure  location  within  the  disk.  However,  the  RFC 
methods  optimized  here,  which  consider  only  one  failure  mode  at  a  time,  is 
applicable  to  many  of  the  engine  components  that  are  candidates  for  RFC. 

7.1  Analysis  of  the  Forty-HIne  Disk  Fleet  Inspected 

The  fatigue  life  prediction  model  for  these  TF-33  third  stage  disks 
was  first  developed  deterministically  and  is  presented  in  Section  7,1.1.  The 
spin  pit  results  reported  by  Hill  (^)  were  compared  with  our  fatigue  crack 
growth  model.  This  model  is  then  extended  to  include  crack  initiation;  the 
final  deterministic  life  model  is  then  compared  with  the  field  disk  data  in 
Figure  7-3.  Our  extension  of  the  deterministic  model  to  a  probabilistic 
model,  Which  is  again  compared  to  the  field  data  in  Figure  7-4  Is  given  in 
Section  7.1.2.  The  fatigue  parameters  which  were  used  to  simulate  probabilis¬ 
tically  the  field  data  are  discussed  In  Section  7.1.3,  and  the  probability- 
distributions  for  cycle  counting  errr  s  are  presented  in  Section  7.1.4. 
Methods  for  simulating  the  impact  of  the  cycle  counting  errors  on  fatigue 
crack  growth  predictions  are  given  in  Section  7.1.5;  the  eddy  current  inspec¬ 
tion  performance  simulation  in  terms  of  Inspection  uncertainty  is  discussed  in 
Section  7.1.6. 
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7.1.1  Detenninlstlc  Analysis 

In  order  to  analyze  the  disks,  formulation  of  a  fatigue  model  that 
would  describe  the  key  aspects  of  crack  propagation  and  crack  initiation  was 
necessary.  Figures  7-1  and  7-2  represent  the  results  of  our  crack  propagation 
analysis  and  demonstrate  the  agreement  between  this  analysis  and  a  spin  pit 
experiment (^).  To  minimize  computing  costs,  these  analytical  results  (Figures 
7-1  and  7-2)  were  subjected  to  a  regression  analysis  to  produce  closed-form 
equations  that  can  be  utilized  in  the  RFC  computer  program.  One  regression 
equation  which  provides  an  accurate  fit  to  the  data  Is 

Np  « -3^  (1.50  +  log  (7-1) 


where 

Np  »  life  in  cycles  to  propagate  a  crack  from  size  (length)  aj*0,031  inch* 
Cp  »  12,000  cycles,  a  constant 

o  *  dimensionless  ratio  of  the  "actual"  bolt  hole  nominal  stress  to  the 
nominal  stress  experienced  by  a  bolt  hole  in  the  spin  pit  experiment 
(Figure  7-1)  reported  by  Hill  (_2) 
a^.  a  critical  crack  length  (inches)** 


*  Because  of  roundoff,  the  size  is  actually  10"^*^».0316’‘«a| 

**  Assujned  to  equal  the  crack  depth  d  times  2.857  (i.e.,  1/aspect  ratio). 

This  "aspect  ratio,"  0.35,  was  assumed  to  be  constant  during  all  stages  of 
crack  growth  -  an  assunption  whose  modification  to  account  for  variations 
In  aspect  ratio  in  accordance  with  our  sectioning  results  did  not 
substantially  change  the  analysis. 
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TE:  SPS  Mearis  Computed 
Spin  Pit  Stresses. 


Growth  Analysis 


Figure  7-2  - 


The  critical  crack  length  (a^)  relationships  derived  from  our  using 
BIGIF  Q)  fatigue  crack  growth  analysis  were  also  subjected  to  regression 
analysis  to  obtain 

7  f.4 

"  1.4  (^"2) 

for  the  range  0.125  <  a^  <  3  Inches 
where 

K^.  =  the  critical  stress  Intensity  factor  fracture  toughness  for  the 
bolt  hole  In  ksi/ln. 

«  110  ksl  /Tru'  the  value  of  K^.  used  1n  the  BIGIF  analysis. 

The  exponent  2.64  'in  equation  (7-2)  differs  from  the  exponent  2,  which  corre¬ 
sponds  to  uniform  stress  because  of  the  radial  stress  gradient  in  hoop  stress 
caused  by  both  the  bolt  hole  stress  concentration  and  the  Increasing  nominal 
stress  as  the  bore  is  approached. 

We  have  less  definitive  basis  for  selecting  the  equation  to  reflect 
fotiguc  crack  Initiation  of  a  crack  0.031  inch  long.  However,  as  a  basic 
reflection  of  the  4000-to-6500  cycle  range  for  the  manufacturer's  original 
design  life,  and  from  our  own  experience  of  the  dependence  of  fatigue  Initia¬ 
tion  life  upon  stress  at  operational  temperatures  less  than  700®F,  for 
wrought  nickel  alloys,  we  have  used 

Cl 

(7-3) 

0 

where 

*  4000  cycles 
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Clearly,  analysis  of  additional  fatigue  initiation  data  would 
1nv>rove  this  initiation  prediction;  however,  the  results  that  follow  show  that 
the  precise  form  of  the  equation  used  to  simulate  the  Initial  occurrence  of 
cracks  is  not  critical  to  evaluation  of  the  RFC  procedure. 


The  crack  Initiation  «^nd  propagation  equations  (7-1)  to  (7-3)  can  be 
combined  Into  a  single  equation  for  total  fatigue  life. 


Ni^ 


4000  .  12000 


6  3.04 


1.4(K  /IlOo) 
c 


2.64 


"1.585 

J 


(7-4) 


where  *  total  number  of  cycles  to  failure. 

Furthermore,  the  nunber  of  cycles,  N,  required  to  cause  a  crack  of 
any  site,  <5,  greater  than  0.031  Inch  is 


N(a)  «  N  -  + 


12000  r  1  cn  ^  J  • 

^3.04  *’ 


585 


(7~5) 


Finally,  Equation  (7-5)  solved  for  a  as  a  function  of  the  number  of 


cycles  (N  >  C^/o  ) 


a  =  10^ * 


where 


log  a 


3.04 


r  fii 

N-C^/o®  J 


585 


-1.50 


(7.6) 
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Equation  (7-6)  is  plotted  in  Figure  7-3.  Clearly,  this  equation  predicts 
lives  that  are  far  longer  than  the  majority  of  the  49  disks.  The  fleet  is 
subject  to  high  scatter  and  extreme  lack  of  correlation  between  reported  life 
cycles  and  crack  sizes,  as  previously  described.  Because  many  of  the  49  disks 
were  characterized  previously  as  rejections  and  have  large  cracks  at  relative¬ 
ly  low  numbers  of  cycles,  they  are  undoubtedly  not  representative  of  the 
entire  TF-33  fleet,  which  is  supposed  to  produce  few  (If  any)  cracks  of  0.031 
inch  or  larger  within  the  design  life  of  4000  to  6500  cycles.  Therefore,  we 
reduced  the  numerical  coefficients  in  equation  (7-6)  to  =  2500  cycles  and 
Cp  =  9590  cycles  to  provide  a  slightly  better  mean-life  fit  to  the  data 
(Figure  7-3).  Since  the  life  of  a  disk  is  governed  by  the  shortest-lived  of 
the  10  bolt  holes,  the  dashed  curve  in  Figure  7-3  is  included  to  represent  the 
expected  performance  of  a  typical  disk.  The  scatter  about  this  (dashed)  mean- 
life  regression  line  is  still,  of  course,  enormous  and  can't  be  used  to 
support  any  mean  trendline.  This  demonstrates  the  importance,  while  simulat¬ 
ing  a  highly  variable  fleet  of  disks,  of  selecting  appropriate  probability 
distributions  of  key  input  parameters.  The  selection  of  these  probability 
distributions  Is  discussed  in  detail  below. 

7.1.2  Probabilistic  Analysis 

In  order  to  express  the  data  in  Figure  7-3  in  a  form  suitable  for 
simulation  by  the  Konte  Carlo  method,  it  was  useful  to  calculate  an  "inferred" 
nuftiber  of  cycles  to  failure  for  each  disk.  The  inferred  life-to-failure  cal¬ 
culation  is  conqilex  but  is  equivalent  to  adjusting  the  coefficients  Cp  and  C^ 
so  that  an  equation  of  the  form  of  equation  (7-4)  goes  through  the  data  point 
(a,  N)  on  Figure  7-3.  Table  7-1  shows  the  raw  data  for  the  RI  cracks 

I 

i 
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r-9 


and  the  resulting  inferred  life  calculation  for  the  49  fleet  disks.  Figure 
7-4  is  a  plot  of  the  cumulative  probability  distribution  of  this  inferred-life 
data  (the  curve  in  Figure  7-4  will  be  explained  further  in  Section  7.1.3 
below).  As  can  be  seen  in  Table  7-1,  the  inferred  lives-to-failure  have  enor¬ 
mous  scatter  ranging  from  Z174  cycles  for  Disk  26  to  cycles  in  excess  of 
30,000  for  disks  in  which  no  cracks  were  found  or  cracks  less  than  0.031  inch 
were  found  (e.g..  Disk  47). 

There  are  many  sources  which  can  contribute  to  producing  these 
observed  statistical  variations.  Major  possible  sources  are: 

1.  Stress  variations  from  disk  to  disk.  This  was  rejected  as  the  major 
source  of  variation  although  a  significant  amount  s.-ress  varia¬ 
bility  is  simulated  as  discussed  below. 

2.  Error  in  measuring  the  real  crack  size  a  due  to  difficulties  of 
replication  and  the  necessity  of  sectioning  bolt  holes  that  slioweo 
significant  amount  of  subsurface  cracking.  Thus,  errors  ir  the 
effective  crack  size  listed  In  Table  7-1  could  easily  be  contributing 
to  the  variation  in  the  resulting  inferred-time-to-failure  distribu¬ 
tion  of  Figure  7-4. 

3.  The  observed  variation  in  our  fleet  of  49  rejected  disks  could  be 
greater  than  expected  or  than  represented  by  the  total  fleet  of  TF-33 
disks  because  of  both  inadvertent  and  intentional  methods  of  disk 
selection  for  this  program.  It  seems  clear  from  the  majority  of  the 
disks  examined  that  some  of  the  parts  belong  to  the  worst  of  the 
TF-33  reject  population,  especially  Disk  26  with  its  0,6-inch  crack 
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Table  7-1 


SALIENT  DETAILS  OF  SIMULATED  FLEET  OF  DISKS 


HaxIiMi 

Rtdlally  Iiwird  Inferred  NioAmt 


01  tk 

ID  » 

Serial  « 

9e.  ccived 
Cycles  (N) 

Crack  Length  In 

Ten  tioU  Holes, 
a  (Inches) 

of  Perceived 
Cyeles-to- 
Fallure  (h#) 

1 

0m382 

2135 

.139 

3361 

2 

0N0471 

6471 

.044 

19545 

3 

0N0479 

3995 

.114 

6936 

4 

0N0487 

5814 

.566 

6695 

S 

0V0036 

4366 

.542 

4998 

6 

0V0041 

4111 

.709 

4448 

; 

090386 

4758 

.325 

6097 

8 

0V0401 

4461 

0.000 

>26338 

9 

0V0403 

6205 

.135 

10229 

10 

0V1076 

5600 

.086 

10983 

11 

ovnoi 

4451 

.270 

5942 

12 

1R2846 

4724 

.085 

9308 

13 

1R2874 

5215 

.326 

6700 

14 

1R2900 

8034 

.175 

12281 

IS 

1S2830 

5789 

.113 

10147 

16 

1T2951 

6524 

.775 

7146 

17 

2S2418 

3611 

.110 

6339 

18 

2S3780 

3383 

.071 

7302 

19 

■  253789 

4415 

0.000 

>26066 

20 

3M757 

S065 

.017 

>29410 

21 

4«sgoi 

1303 

0.000 

>9233 

22 

498343 

5094 

.012 

>29579 

23 

4S4933 

3551 

.006 

>21684 

24 

4SS220 

5690 

.118 

9817 

25 

4Y9881 

6404 

.039 

22234 

26 

ST7431 

2049 

.605 

2174 

27 

5T7457 

6116 

.743 

6719 

28 

5T9177 

3095 

.007 

>19225 

29 

6PS450 

5785 

0.000 

>33042 

30* 

6P6124 

2807 

H/A 

31 

6F6127 

5083 

.W5 

12848 

32 

6R4S39 

6442 

.505 

7629 

33 

6S7835 

2875 

.017 

>18168 

34 

6S8257 

5273 

.018 

>30618 

35 

6SS291 

6039 

.626 

6844 

36 

658342 

4939 

.378 

6127 

37 

SS835S 

5875 

.574 

6761 

38 

8K1S05 

2037 

.122 

3363 

39 

8K1S1$ 

2972 

.015 

>18620 

40 

GR7647 

4374 

.002 

>26041 

41 

8N7648 

2875 

.036 

12142 

42 

89S147 

3939 

0.000 

>23650 

43 

8FSS48 

4617 

.016 

>27259 

44 

45 

696229 

8X3910 

m 

46 

9JS892 

5720 

.003 

>32671 

47 

9JS144 

6478 

0.000 

>36401 

48 

9R2857 

3370 

.464 

3916 

49 

950788 

4517 

.437 

5411 

SO 

9S1148 

1800 

.046 

5469 

Disk  #30  was  not  Inspected  ami  has  been  excluded  from  the  simulated 
••fleet". 
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Cumulative  Survival  Probability  {%) 


Figure  7-4  -  Probabilistic  Comparison  of  Real  and  Simulated 
Reported  Cycles  to  Failure. 
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length  at  on1>  2049  reported  cycles.  Although  we  suspect  that  most 
of  the  disks  were  rejects,  clearly  some  disks  could  be  from  the  typi¬ 
cal  or  even  the  superior  part  of  the  TF-33  population,  such  as  Disk 
47  which  shows  no  evidence  of  cracking  at  6478  reported  cycles.  This 
heterogeneous  mixture  of  disk  cracks  Is  very  useful  for  evaluating 
the  Inspection  reliability  for  many  crack  sizes.  However,  disk 
selection  to  provide  enomous  variety  for  the  Inspection  evaluation 
will  obviously  overstate  the  fatigue  scatter  expected  in  the  entire 
TF-33  fleet  of  over  1000  engines. 


4. 


The  last  significant  source  of  uncertainty  could  be  systematic  or 
random  errors  associated  with  estimating  (with  N)  the  number  of 

N  A  Ku  4  a  -fhiA  Tn  IrtfArm*! 

•  MW  f  ^M  W>  *»•  W*»W  •  (MWW*  • 

discussions  with  Air  Force  personnel,  we  learned  that  very  rough 
rules  of  thumb  have  been  applied  to  estimating  cycles  such  as  (1)  the 
multiplication  of  the  number  of  training  hours  by  3  to  estimate 
training  mission  cycles  and  (2)  the  multiplication  of  the  number  of 
operational  hours  by  1/3  to  obtain  an  appropriate  estimate  of  disk 

UUI  tIUlMiai  U|/CIOVIVtl* 


estimated  cycles  per  mission  and  the  lack  of  more  specific  criteria 
for  counting  cycles  suggest  that  relatively  large  errors  can  be  made 
In  counting  cycles.  In  describing  this  type  of  error,  we  define  N  as 
the  actual  number  of  cycles  and  N  as  the  estimated  number  of  cycles 

A 

and  consider  the  ratios  of  N/N.  We  believe  that  this  cycle-counting 
error  may  be  the  largest  source  of  variable,  and  we  use  It  below  as  a 
curve-fitting  parameter  to  simulate  the  actual  fatigue  performance 
variability  shown  In  Figure  7-4. 
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7.1.3  Simulation  of  Fatigue  Performance  of  the  Forty-Nine  Disk  Fleet 

All  numerical  p^obab^listic  work  in  this  report  was  accomplished 
using  the  Monte  Carlo  method  (Appendix  A),  The  Monte  Carlo  method  is  used  to 
select  values  of  input  random  variables  from  their  respective  probability  dis¬ 
tributions  and  to  insert  those  values  into  an  equation  for  computation  of 
time-to-failure,  crack  size,  or  any  other  value  of  a  needed  dependent  random 
variable.  Each  computed  value  is  called  a  trial.  In  general,  each  trial  is 
different  because  the  Monte  Carlo  procedure  selects  different  input  values 
from  the  probability  distribution.  With  enough  trials,  the  probability  dis¬ 
tribution  of  the  dependent  variable  can  be  computed  accurately. 

A 

The  input  random  variables  used  are:  (1)  C^,  Cp,  K^,  and  a/a  each 
of  which  vary  randomly  for  each  of  the  10  bolt  holes  in  the  disk  and 

A 

(2)  o  and  N/N,  which  vary  randomly  from  disk  to  disk. 

The  curve  in  Figure  7-4  shows  the  result  of  a  successful  Monte  Carlo 
probabilistic  regression  of  the  disk  time-to-failure.  The  predicted  distribu¬ 
tion  of  time  to  failure  is  in  excellent  agreement  with  the  actual  disk  service 
experience,  especially  up  to  the  70th  percentile  of  the  reported  time-to- 
failure  distribution.  Although  a  better  fit  could  have  been  obtained  above 
the  70th  percentile  (30i  cumulative  survival  probability)  by  using  input  dis¬ 
tributions  with  discontinuous  frequency  functions,  this  was  not  considered  to 
be  necessary  to  pioduce  simulated  populations  which  behave  like  the  49 
disks.  None  of  the  RFC-sImulation  fleet  failures  come  from  above  the  70th 
percentile,  and  the  simulated  values  of  life,  which  are  all  greater  than 
20,000  cycles,  are  large  enough  to  represent  disks  that  could  be  used  for  the 
entire  useful  life  of  the  engine. 
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The  life  equation  has  been  given  before  but  is  repeatect  below  for 


convenience: 


s-  r 

V  “  6  'xfe 

0  o  L 


5  +  log  a 


(7-7) 


The  variability  in  the  fatigue  initiation  “constant"  is  represented  by 


=  LGAU  (4000,  0.35) 


log  =  GAU  (3.602,  0.35) 


(7-8) 


(7-9) 


where  both  equations  are  our  shorthand  notation  for  the  stateinent  "log  is  a 
random  variable  from  the  Gaussian  or  normal  distribution  with  median  3.602 
(log  4000)  and  standard  deviation  0.35  inch.  Appendix  A  explains  how  the  , 
or  any  other,  probability  distribution  is  simulated  within  the  Monte  Carlo 
method  by  selecting,  at  random,  a  value  of  the  variable  from  its  probability 
distribution.  The  0,35  scatter  parameter  represents  a  7.9-fold  average  dif¬ 
ference  1n  the  time  to  initiate  a  0.031-Inch  crack  between  the  earliest  and 
latest  crack  in  a  10-hole  disk.  As  learned  from  the  detailed  simulation 
results,  this  degree  of  scatter  translates  into  a  similar  order-of-magnitude 
difference  in  crack  sizes  between  the  bolt  hole  with  the  smallest  RI  crack 
length  and  that  with  the  largest  RI  crack  in  the  disk.  Such  crack  length  var¬ 


iation  has  been  observed  for  typical  disks  in  which  all  holes  are  cracked. 
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Thus,  the  0.35  value  in  equations  (7-8)  and  (7-9)  above*  can  be  said  to  repre¬ 
sent  the  observed  hole-to-ho)e  variation  of  crack  size  actually  experienced  in 
most  of  the  49  disks.  Furthermore,  the  0.35  value  is  not  inconsistent  with 
that  which  the  authors  and  others  (e.g.,  (^))  have  encountered  In  previous 
probab'.llstic.  Investigations  of  crack  initiation  scatter  in  nickel -based  and 
steel  alloys. 

The  variation  of  two  fracture-mechanics -related  parameters  has  been 
simulated.  First,  the  crack  propagaiion  constant,  C_,  is  modeled  with  the  log 

r 

normal  distributin',  given  below: 

log  Cp  =  Gr,u  (log  9560,  0.12)  (/-lO) 

This  0.12  value  is  entirely  consistent  with  extensive  unpublished  Pratt  and 
Whitney  Aircraft  (PSWA)  studies,  done  by  an  author  on  Incoloy  901  and  similar 
materials,  of  cracx  gcovjth  variations  in  bolt  hole  specimens.  Figure  7-5  con¬ 
trasts  the  assumed  varlabriity  for  time  to  crack  initiation  with  that  of  crack 
propagation. 

Disk-to-disk  stress  variation  is  simulated  with  tha  normal  distribu¬ 
tion: 


o  -  6/vU  (1.0,  0,1), 


(7-11) 


*  The  propagation  rate  scatter  of  Cp  also  influences  the  hole-to-hole 
variation  in  crack  size  but,  because  a  crack  has  to  initiate  before  It  can 
grow  to  any  size,  not  as  a.vch  as  does  the  larger  scatter. 


7-16 


100%  Minus  Cumulative  Percent  Frequency 


1 


viltich  translates  to  a  IQX  "coGfl‘.c1tnt  ot  variation,"  a  degree  of  stress  vari- 
fibiVity  tiiiat  iis  reasonably  large. 

The  critical  stress  intensity  factor  or  fracture  toughness,  K^,  is 
simulated  witii.  the  probability  distribution 


"  GAD  (1 10  ksi  /in,  16.ti  ksi  lAn") 


(7-12) 


\  i 


The  implied  IM.  coefficient  of  variation  is  considered  to  be  realistic-to- 
larcje  based  on  our  previous  expert eitcp  for  datei  far  from  the  transition  tem¬ 
perature..  This  value  can  be.  improved  and  updated  if  toughness  and  critical 
crack  size  infonnation  becomes  available.  The  110  ksi  /in'  value  is  probably 
low  as  a  mean  toughness  but  Isas  been  chosen  to  reflect  the  rapid  increase  of 
stress  intensity  factor  during  transition  from  &  partial-  to  a  through- 
thicknie'ss  crack.  This  increase  was  not  enplit^itly  modeled  In  the  BIGIF 
runs.  The  most  important  overall  effect  of  the  combination  of  two  conserva¬ 
tive  values  in  equation  (7-12)  and  the  coefficient  of  variation  used  in  equa¬ 
tion  i7-ll)  is  to  produce  very  occasional  critical  crack  lengths  of  only  200 
to  2b0  mils,  which  may  be  compared  with  a  tnictness  of  650  mils.  This  range 
corresponds  to  critical  crack  depths  of  only  57  to  71  mils.  It  is  not  sur¬ 
prising  that  maify  of  the  failures  encountereo  in  tlie  simulation  had  critical 
crack  sizes  in  these  ranges.  While  these  ranges  are  believed  to  be  unrealis¬ 
tically  low,  they  were  not  altered  in  order  to  test  the  KFC  procedure  more 
stringently.  Thus,  in  the  studies  described  below,  it  Is  believed  that  tvfo 
worrisome  effects  have  been  at  least  partly  accounted  for  implicitly:  (1)  a 
rare  high-stress  nianeuver  and  (2)  an  occasionally  brittle  material  heat  such 


as  might  he  characteristic  of  the  higher-strength  alloys  used  in  the  F-lOO 
engine. 

7,1.4  Simulation  of  Usage  Estimation  Errors 

After  a  series  of  trial -and-error  Kopte  Carlo  runs  devoted  to  curve¬ 
fitting  the  data  in  Figure  7-4,  the  probability  distribution  chosen  to  simu¬ 
late  errors  in  cycle  counting  was  calculated  to  be 

log  (ii/N)  =  GAU  (0..  0.3G)  (7-13) 

By  coincidence,  this  distribution,  necessary  to  match  the  fatigue  performance 
of  the  49  disks,  (s  identical  to  that  used  In  (JO  to  simulate  Isrge  cycle 
counting  errors. 

Although  the  datii  input  to  the  simulatlcn  represents  our  best  cur¬ 
rent  knowledge,  the  sources  of  data  and  degree  of  confidence  In  each  specific 
probability  distribution  vary  markedly.  However,  the  Important  point  is  that 
all  the  probability  distributions,  when  combined  into  a  disk  life  simulator, 
reproduce  accuritely  the  observed  performance  of  the  fleet,  as  shown  in  Figure 
7-4. 


While  it  Is  possible  that  equally  good  fits  could  have  been  obtained 
with  other  combinations  of  specific  probability  distributions,  it  can  be 
demonstrated  that  RFC  effectiveness  and  the  (‘valuation  ov  the  RFC  procedures 
is  primarily  a  function  of  the  time-to-rej^ctahle  crack  sise  and  time-to- 
failure  probability  distributions  used  to  simulate  the  fleet  and  not  the  exact 
statistical  character  of  ai\y  one  Individual  parameter  (such  us  the  scatter  of 
fracture  toughness  or  stress). 
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Although  the  49  disks  analyzed  show  far  more  scatter  than  does  the 
full  TF-3a  fleet,  we  have  simulated  the  highly  variable  behavior  of  the  49 
disk  fleet  in  order  to  test  the  RFC  procedure  under  the  most  difficult  condi¬ 
tions  justified  by  data  acquired  in  this  program. 

7.1.5  Specific  Simulation  of  Crack  Growth 

So  far,  we  have  presented  all  information  needed  and  used  to  compute 
the  times  to  failure  for  the  simulated  disk  populatiori.  However,  one  addi¬ 
tional  item  should  be  discussed  to  complete  the  description  of  the  fleet  fa¬ 
tigue  performance  simulation.  That  item  is  the  capability  to  simulate  the 

A  -A 

real  crack  size,  a,  at  any  given  N,  where  N  is  the  percei ved  amount  of 
cyclic  exposure  at  the  time  of  inspactlon.  Simulation  of  “a"  is  accomplished 
by  the  following;  ' 

A 

1.  For  a  given  inspection  time  at  \  perceived  number  of  cycles  N,  select 

A 

a  value  of  N/N  from  the  appropriate  probability  distribution  (Equa¬ 
tion  (7-13))  in  order  to  simulate  the  actual  number  of  cycles  N. 
The  N/N  "cycle -counting  uncertainty"  has  been  characterized  in  three 
ways: 

a)  Select  a  different  N/N  for  each  inspection  whlCM  vould  simulate 
the  case  of  a  disk  taken  from  one  engine  and  placed  In  another  at 
random  (type  1  error). 

A 

b)  Select  a  single  f  ■  N/N  for  the  first  Inspection  and  multiply  It 
by  a  new  N/N  for  each  subsequent  Inspection  (type  Z  error). 

c)  Use  the  same  N/N  ratio  for  all  inspectlons-simulating  a  constant 
error  factor  during  the  entire  RFC  process  (type  3  error). 

k.  Knowing  N  and  the  other  relevant  random  variables 

(C^,  Cp,  and  o),  compute,  a,  from  equation  (7-6). 
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repeat  step  "2"  tor  each  of  the  10  bolt  holes  In  the  disk. 


1 


These  three  steps  sinwlate  real  crack  sizes  In  each  bolt  hole.  The 
next  step  Is  to  simulate  the  inspection  uncertainty  in  detecting  and  sizing 
each  of  these  cracks. 


7.1.6  Simulation  of  Uncertainty  of  i-our  Inspection  Procedures 

The  performance  of  three  inspection  procedures  (high  resolution 
probe,  outside  lab  (500  KHz)  and  outside  Ub  (1000  KHz))  have  been  character¬ 
ized  by  means  of  general,  empirical*  probability  distributions  of  the 
ratio  d/a  for  various  ranges  of,  a»  In  addition  to  the  three  real  sets  of  in¬ 
spection  uncertainty  data,  a  fourth  artificial  set,  representing  a  hypotheti¬ 
cal  dramatic  Improvement  In  inspection  reliability,  was  also  examined. 


7.2  RFC  Procedure  Developnent  «ed  Ij^ledseri^vatlon 

The  general  RFC  philosophy  which  directed  the  development  of  the  four 
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the  four  RFC  procedures  are  presented  in  Section  7.2.2.  Most  of  the  ana¬ 
lytical  details  are  common  to  all  RFC  procedures  as  discussed  below  In 
Section  7. 2. 1.1.  Following  this,  the  differences  among  RFC  procedures  are 
summarized  (Section  7. 2. 1.2)  and  detailed  (Section  7.2.2).  Finally,  four 
reconuended  Imiirovements  are  identified  at  the  end  of  Section  7.2.2. 


*  A  plecewlse-Uelbull  characterization  of  the  Inspection  uncertainty  U  used 
to  obtain  full  generality.  For  details,  see  Figures  4-4  througf^i  4-6, 
Section  4.2,  and  subroutine  IIAHAT  in  Appendix  B  herein. 
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7.2.1  Developed  RFC  Procedures 

7.2. 1.1  Details  Conwon  to  All  Investigated  RFC  Procedures 

The  RFC  procedures  considered  and  developed  in  this  project  have 
several  commonalities.  First,  they  assume  that  the  fleet's  engines  are  pro¬ 
duced  and  released  to  service  as  a  scries  of  “subfleets."  All  components 
(engines)  in  a  subfleet  are  introduced  at  essentially  the  same  (calendar) 
time.  Although  only  one  critical  component,  in  this  case  a  disk,  is  simulated 
per  engine,  that  component  can  have  several  nominally  identical  structural 
details  v/hich  are  sites  for  cracking,  inspection,  and  failure.  For  most  of 
the  study,  it  is  assumed  that  the  eng1f?e  life  is  seven  times  the  "design  life" 
of  the  critical  component  being  considered  and  that  inspection  can  occur  only 
at  integer  multipTes  o'"  the  design  life.  In  other  words,  each  engine  will 
have  a  disk  inspected,  end  possibly  replaced,  between  one  and  six  times.  This 
means  that,  by  definition,  without  RFC  six  replacement  parts  will  be  i*equired 
over  the  life  of  each  engine.  The  goal  of  RFC  is  to  decrease  the  large  number 
of  replacements  with  a  minimum  of  cost  and  of  failures. 

7. 2. 1.2  Differences  Among  Investigated  RFC  Procedures 

Four  general  types  of  RFC  procedures  developed  and  evaluated  in  this 
study  are  given  In  Table  7~2,  The  differences  among  tne  procedures  are 

the  use  or  lack  of  use  cv  two  sources  cf  "feedback"  or  ’’updates"  from  in- 
service  inspections  and  historical  date.  As  seen  in  Table  7-2,  the  two 
sources  of  feedback  corsidered  are  (1)  use  of  measured  crack  si’e'  revise 
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the  estimates  of  stress  for  each  individual  disk  in  a  deterministic  manner  and 
(2)  periodic  statistical  analyses  of  the  "actual /predicted"  t1me-to-failure 
probability  distribution  demonstrated  by  the  global  fleet  of  engines.  Major 
features  of  the  four  procedures  are  summarized  in  Table  7-2  and  the  steps 
followed  in  each  procedure  are  detailed  below. 

7.2.2  Simulation  of  Four  Alternative  RFC  Procedures 

1.  Simulate  each  inspection  process  for  each  of  10  holes  in  each  simu¬ 
lated  disk  by  computing  the  inspection's  uncertainty  (represented  by 
the  ratio  (a/a)  from  the  appropriate  piecewise  Weibull  distribution 
for  the  actual  crack  size,  a,  present  in  each  hole.  This  hole-by¬ 
hole  si;Rulat.ion  allows  great  generality  in  reflecting  such  real 
scenarios-as  the  lack  of  detection  of  a  crack  in  one  hole  that  would 
have  failed  the  disk  in  a  few  cycles  but  rejection  of  the  disk  due  to 
a  much  smaller  crack  that  was  oversized  in  another  hole.  A  less  for¬ 
tunate  scenario  would  be  to  undersize  the  two  leading  cracks  in  the 
disk  and  size  any  other  cracks  in  the  disk  in  such  a  manner  that  the 
disk  is  marginally  acceptable.  The  simulated  RFC  procedure  and  fleet 
performance  could  then  allovi  the  disk  to  be  put  back  into  service 
where  a  failure  could  take  place.  The  use  of  the  multiplicity  of 
potential  failure  sites  (in  this  case  of  the  10  RI  crack  origins)  is 
a  major  improvement  made  upon  the  work  in  {JJ. 

?,  Upon  Inspecting  each  hole  in  the  disk,  the  inspector  and  the  analyst 

A 

base  their  decision  on  the  disposition  of  the  disk  on  the  largest  a 
measured.  To  simulate  other  realistic  constraints,  we  make  two 
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further  requirements.  If  a  is  undetected  (or  found  to  be  less  than 
0.U31  inchj  where  this  value  corresponds  to  the  inspection  size  sep¬ 
arating  "may-accept"  from  "accept"),  the  new  disk  life  prediction  is 
unchanged  and  the  disk  is  placed  back  into  service.  Furthermore, 
if  a  is  larger  than  some  maximum  value,  (values  between  .125" 

and  •  are  used  in  this  report  with  most  of  the  study  focused  on  the 

value  a  .250"),  the  disk  is  retired  without  analysis  or  consid- 
rndx 

eration  for  further  usage.  Thus  corresponds  to  the  inspection 

size  separating  "may-reject"  from  "reject."  Repair  is  not  simulated 
within  the  context  of  the  RFC  procedures. 

3.  If  a  is  less  than  a^^^,  the  value  is  substituted  into  the  equation 

N  »  F(a,  0,  etc)  (7-14) 

where  F  represents  the  best  estimate  of  the  (a  versus  N)  behavior  by 
the  simulated  analyst  of  the  RFC  procedure.  In  this  study,  we  used 

A  A 

C  C  ,  " 

N  =  -4  +  -4  (1.50  +  log  a)P  (7-ib) 

*n  “m 
o  a 

where  the  *  symbol  refers  to  the  analyst's  estimate  of  the  parameter. 
Stress  estimation  is  the  first  point  of  difference  among  the  four  RFC 
procedures  in  Table  7-2.  The  "prior-analysis-based"  stress  method 

A 

simply  uses  the  s  le  initial  o  estimate  (e.g.  design  calculation)  for 
all  disks.  However,  in  the  "inspection-based"  stress  method  (see 

A  A  A 

Ref.  lj^))i  we  "infer"  o  for  each  disk  from  N  and  a  by  solving  equa- 

A 

tion  (7-15)  implicitly  for  o. 
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4. 


Substitute*  a  into  the  time-to-fai lure  prediction  equation 


*  F  (a^,  o,  etc)  (7-16) 

5.  To  obtain  the  allowable  cyclic  life  extension,  N  allow  two  methods 
are  used  depending  on  the  RFC  procedure.  For  the  nonprobabilistic, 
constant -safety-factor  technique,  we  apply  a  safety  factor  SF  to  com¬ 
pute 

N^iiow  =  N  MNf  -  N)/SF  {7-17a) 


For  the  probabilistic/statistical  update,  conditional -fai lure-proba¬ 
bility  technique,  we  perform  a  periodic  statistical  analysis  of  the 
in-service  fleet  failures  and  successes.  Figure  7-6  is  a  schematic 
representation  of  the  procedure  in  which  a  maximum  allowable  condi¬ 
tional  failure  probability  is  defined,  F  .  Using  this  safety/eco- 
nomic  criteria  constraint,  along  with  the  two  parameters 
(a,  p)  representing  the  time-to-fai lure  Weibull  probability  dis¬ 
tribution,  the  allowable  cyclic  life  extension  is 


N 


allow 


F  (N,  F, 


cmax 


g) 


(7-17b) 


In  the  inspection-based  method,  o  Is  merely  a  curve  fitting  parameter 
which  "maxes  up"  or  "calibrates"  for  errors  of  all  sorts,  including  the 
dominant  cycle-counting  errors  discussed  before.  We  could  have  used  other 
methods  of  calibration;  for  example,  use  the  original  stress  estimate  and 
"adjust"  the  cycle  count.  In  general,  the  parameters  subject  to  the 
highest-impact  errors  could  be  r  luced  to  "calibrators." 


Figure  7-6  -  Procedure  for  Setting  Hexlmum  Time 
(t2)  to  Next  RFC  Inspection.  Past 
Experience.  Field  Failures,  and 
Successes  are  Used  to  Estimate  o 
and  6  and  to  Continually  Update 
These  Estlinates.  Then,  at  any  Given 
Time,  with  Known  o,  6,  tj,  tp,  and 
Maximum  Allowable  Failure  Probability 
^crnax*  can  Calculate  (rg,  tg) 
Graphically  as  Above,  or  from  tqs. 
(7-I7b)  or  (C-8). 
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The  lengthy  derivation  of  the  precise  form  used  for  equation  (7-17b) 
Is  given  in  Appendix  C.  The  most  important  points  are  that  equation 
(7-17b)  represents  the  utilization  of  all  knowledge  regarding  the 
fleet  and  the  fatigue  phenomenon  to  arrive  at  a  near-optimum  allow¬ 
able  life  extension.  Even  the  pre-fleet  statistical  and  historical 
knowledge  of  the  phenomenon  (such  as  the  estimation  of  pn(a)*,  the 
changing  probability  distribution  of  real  crack  sizes),  can  be  used 
to  estimate  Initial  values  of  o  and  3  (Fortran  variables  AL  and 
BET).  Thus,  the  statistical  update  capability  allows  us  to  take 
advantage  of  .actual  past  fleet  performance  to  improve  the  RFC  proce¬ 
dure  for  subsequently  introduced  and  exposed  parts.  As  will  be  seen 
in  the  probabilistic  RFC  evaluation  discussions  to  follow,  the  update 
capability  is  quite  important  to  optimizing  the  RFC  procedure.  In 
fact,  the  study  indicates  that  our  decision  to  statistically  analyze 
the  fleet  at  every  minimum  inspection  interval  (to  be  defined  below) 
is  not  optimum.  The  Monte  Carlo  simulations  indicate  that  the  update 
frequency  should  be  increased  to,  at  the  very  least,  update  the  fleet 
statistical  analyses  directly  after  any  failure, 

6.  The  next  inspection  point  is  computed  to  account  for  the  realistic 

A 

constraints  on  minimum  and  maximum  inspection  interval'  N  . 

min 

and  through 


*  In  our  original  plans,  we  regarded  the  prior  estimation  of  pn(a)  as  an 
Important  part  of  an  optimum  RFC  procedure.  When  faced  with  the  need  to 
fully  define,  develop,  and  evaluate  specific  procedures,  this  prior  goal 
led  to  significant  problems.  These  problems,  details  of  our  progress,  and 
our  specific  approach  to  evaluation  of  pn(a)  are  described  in  Appendix  D. 
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"el  ■  "  *  [‘iex-  '"allow  ’  ">] 
and 

"e  '  <"el^‘ilnl 

where  the  FIX  function*  rounds  its  argument  down  to  the  nearest  low 
integer,  and  the  AMINl  function*  chooses  the  least  of  the  two  quanti¬ 
ties  in  the  ,  bracket.  The  disk  is  then  reinspected  at  N  cycles, 

A  A  A 

new  a,  a,  and  values  are  calculated  and  another  life  extension  is 
computed.  If  the  calculation  predicts  that  the  disk  life  cannot  be 
extended  to  at  least  the  next  scheduled  inspection,  the  disk  is 
retired  at  the  pre.ant  inspection.  Thus,  if  a  large  enough  miriimum 
inspection  interval  were  chosen  or  forced  by  logistics,  all  disks 
would  be  retired  after  the  first  inspection  and  no  RFC  would  be  pos¬ 
sible. 

A 

Throughout  most  of  this  study  we  use  *  750  cycles  and 

A 

either  ■  750  cycles  or  =,  where  ?50  cycles  is  t^ken  as  the 

“design  life"  of  our  simulated  sub  TF-d3  disl;  fleet.  No  disk  or 
engine  is  allowed  to  remain  In  service  for  more  than  seven  disk 

*  To  avoid  ambiguities  in  comparing  similar  quantities,  such  as  three 
different  types  of  estimates  of  a  statistical  parameter,  use  is  made  of 
both  Fortran  functions  and  variable  names  which  are  occasionally 
Intermixed  with  algebraic  symbols.  Fortran  variables  are  all  defined  in 
Appendix  B. 
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design  lives  (5250*  cycles);  a  value  whicd  might  represent  the  life 
of  the  engine  or  the  obsoletion  of  the  aircraft.  Because  the  perfor¬ 
mance  of  the  simulated  fleet  Is  v*orse  than  that  expected  for  the 
TF-33  third  stage  turbine  disk's  total  fleet,  these  specific  cyclic 
values  are  about  one-fourth  as  large  as  might  be  expected.  Since 
everything  is  "scaled-down"  by  this  one-fourth  factor,  the  per-cycle 
numerical  economic  results  of  RFC  would  have  been  proportionately 
better  for  the  actual  TF-33,  third  turbine  disk. 

As  can  be  seen  from  Table  7-2,  the  RFC  Procedure  No.  1  is  determinis¬ 
tic  and  totally  uncalibrated  against  field  experience.  It  is  a  primitive 
unrealistic  procedure  in  the  sense  that  it  assumes  that  the  inspection  and 
analysis  teams  are  automotons  without  memories,  Specificaliy,  the  inipwctor 
and  the  analyst  are  assumed  not  to  learn  from  their  previous  experience  not  to 
use  the  results  of  a  previous  inspection  to  compare  with  that  of  the  current 
inspection.  Furthermore,  they  are  powerless  to  change  any  aspect  of  the  RFC 
procedure,  safety  factors,  or  analytical  tools  in  response  to  actual  events, 
such  as  a  number  of  unexpected  field  failures, 

RFC  Procedure  No.  2  analyzes  and  calibrates  each  individual  disk  by 

A 

asking  the  question:  "What  stress  level  (o)  must  have  been  present  to  cause 

A  A 

the  crack  to  grow  to  the  measured  size  a  In  N  cycles?"  It  is  expected  that, 

A 

with  a  minimum  inspection  reliability,  such  an  adjustment  of  o  should  rc  a 


*  The  actual  input  engine  life  was  rounded  down  to  5200  cycles  to  make  sure 
PERFCT  did  not  schedule  a  7th  inspection  a  few  cycles  before  engine 
retirement. 
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the  impact  of  a  variety  of  errors.  However,  RFC  Procedure  No.  2  also  assumes 
the  use  of  inspectors  without  memories;  there  is  no  reaction  to  the  overall 
experience  of  the  fleet, 

RFC  Procedure  No.  3  doesn't  calibrate  each  individual  disk  according 
to  its  measured  crack  sizes  but  does  use  all  past  field  performance  knowledge 
to  adjust  the  allowable  cyclic  life  extension  and  subsequent  inspection 

A 

points  Ng  of  all  disks.  Thus,  the  inspection  and  analysis  teams  have  both 
memories  and  the  ability  to  react  and  improve  the  RFC  procedure  on  an  ongoing 
basis. 


RFC  Procedure  No,  4  combines  the  two  Improvements  described  above 

A 

for  RFC  Procedure  Nos.  2  and  3.  Each  disk  is  calibrated  (with  a)  to  the  fa¬ 
tigue  crack  Initiation/propagation  model  according  to  its  largest  medSureu 
crack  size  and  the  overall  performance  of  the  fleet  Is  accounted  for  with  up¬ 
dates  of  the  statistical  analysis  of  the  fleet.  Procedure  No.  4  is  at  present 
our  best  fully  developed  procedure.  The  major  capabilities  and  limitations  of 
the  procedure  and  accompanying  software  are  described  in  the  comment  cards  of 
the  computer  program  PERFCT  (Appendix  B).  Although  RFC  Procedure  No.  4  could 
be  improved,  it  is  considered  to  be  an  opt. .  urn  tradeoff  between  capabilities 
and  enougn  simplicity  to  allow  full  analytical  development,  software  develop¬ 
ment,  and  analytical  evaluation  within  the  limits  of  this  project.  The  only 
major  improvement  we  would  strongly  recommend  is  that  tne  statistical  update 

A 

analysis  be  performed  more  often  than  every  eyries.  Other  possible 

Improvements  are: 
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1.  The  software  should  be  expanded  to  handle  tnore  than  one  part  type  per 
engine  and  crack-site  type  per  part. 

2.  Statistical  updates  would  be  provided  for  each  failure  mode  and.  In 
fact,  could  be  expanded  to  differentiate  between  old  and  young  sub¬ 
sets  of  a  given  component  populitloii,  where  advisable. 

3.  Statistical  updates  could  also  be  expanded  to  account  for  data 
obtained  from  destructive  examination  of  retired  disks. 

4.  Account  for  the  possible  reduction  of  new-part  "infant  mortality- 
type"  failures  through  the  reduced  use,  by  RFC,  of  replacement 
parts.  'More  discussion  of  this  Infant-mortality  aspect  is  given 
later  In  this  section. 

It  Is  noted  that  a  conservative  appraisal  of  RFC  benefits  is  made  for 
all  four  procedures  based  upon  the  very  large  scatter  observed  from  the  49 
disks  inspected. 


7.3  Cost  Details  of  RFC  Evaluation 

The  costs  associated  with  inspection,  replacement,  and  failure  used 
in  this  investigation  are  given  in  Section  7.3.1.  Safety  criteria  which  are 
not  associated  with  cost  are  discussed  in  Section  7.3.2,  The  method  for  com¬ 
puting  RFC  savings  is  described  in  Section  7,3.3,  and  Section  7.3.4  discusses 
the  Impact  of  pre-design  life  failures  observed  In  the  simulations. 
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7.3,1  RFC  Gains  and  Costs  Simulated  by  PERFCT 

The  RFC  procedures  described  cbove  were  progranined  Into  the  Monte 
Carlo  simulation  program,  PERFCT,  The  program  simulates  any  number  of  random¬ 
ly  selected  “grand  fleets,"  each  containing  (1)  up  to  50  subfleets,  (2)  up  to 
1500  single-cc/mponent  "engines"  and  (3)  tip  to  10,600  new  and  replacement  com¬ 
ponents.  The  program  does  the  followii-j  for  each  engine;  (1)  generates  "in- 
service"  fatigue  data  for  the  component  (disk)  at  the  appropriate  calendar 
time,  TE,  at  which  the  subfleet  is  introduced;  (2)  performs  a  chosen  RFC  pro¬ 
cedure  on  each  engine. at  the  appropriate  time  and  makes  (random)  errors  based 
upon  the  input  error-simulation  probability  distributions  described  above; 
(3)  makes  RFC  decisions  of  inspei.tir(  intervals  and  disk  replacements  (each 
repl aceiTient  disk  requires  generate of  new  in-service  fatigue  performance 
data);  and  (4)  chocks  for  failure  of  any  disk  which  is  replaced.  Costs  are 
assigned  to  the  various  outcoii.>>ss  of  the  RFC  procedure  for  the  jth  engine. 

Each  time  the  engine  disk  is  inspected,  a  negative  dollar  gain 

(cost)  of 


G..  “  -200  dollars 

Ji 


(7-20) 


is  incurred.  Each  time  the  life  of  the  disk  is  extended,  a  gain  of 


G.  -  ION'  dollars 
.16  e 


(7-21) 
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(i.e,  $7500  per  forestalled  replacement  of  a  disk  with  design  life,  DL  =  750 

* 

cycles)  Is  assigned,  and  N'  is  the  perceived  amount  of  cyclic  life  extension 
beyond  DL  until  either  the  next  inspection,  retirement,  or  failure,  whichever 
applies.  Should  a  failure  occur  before  the  rotor  Is  retired,  a  negative  gain 
(cost)  of 


=.  -2,000,000  dollars  (7-22) 

is  assigned. 

7.3.2  Safety  Aspects  of  Part  Failure 

Clearly,  the  estimation  of  the  expected  cost  of  failure  is  finite 
because  the  failur'e  probability  is  never  zero  (even  without  RFC).  To  Insist 
otherwise  Is  unrealistic  and  impractical  for  RFC  as  well  as  for  the  Initial 
life  limits.  Our  specification  of  a  $2  million  average  cost  of  failure  is 
equivalent  to  assuming  that  most  rai lures  damage  one  engine  while  some  fail¬ 
ures  could  lead  to  aircraft  loss  (since  complete  engine  replacement  cost  is 
$750,000). 


In  dealing  with  high  impact  safety  and  economic  considerations 
regarding  structural  failure  modes,  we  have  developed  a  simple  way  of  perform¬ 
ing  rational  economic  analysis  without  limiting  the  flexibility  to  maintain 
safety  criteria.  The  procedure  is  to  define  Gf  clearly  as  the  economic  impact 
of  failure  only.  It  should  be  noted  that  6^  1$  a  dollar  cost  only  and  has  no 
connection  with  safety  criteria  or  constraints. 
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Hiving  decided  that  6^  is  not  a  safety  criterion,  the  choice  of  cri¬ 
terion  is  totally  flexible  and  either  traditional  or  new  methods  can  be 
used.  Once  the  independent  safety  criterion  is  specified,  the  selection  of 
RFC  parameters  is  based  upon  whichever  one  limits,  and  it  becomes  an  exercise 
in  mathematics  rather  than  politics.  Specifically,  the  goal  is  to  maximize 
the  RFC  cost  savings  without  violating  the  safety  criterion.  This  Is  a 
straightforward  optimization  problem  in  which  the  safety  criterion  serves  as  a 
constraint.  Another  recommended  goal  might  be  to  minimize  the  probability 
that  total  RFC  gain  is  less  than  some  desired  minimum,  again  subject  to  safety 
and  other  constraints. 

We  studied  two  types  of  safety  criteria.  In  the  first,  a  tnaximum 
allowable  failure  probability,  is  specified  and  built  into  the  statis¬ 

tical-update  RFC  procedure  constraints.  This  failure  probability  could  be 
specified  and  justified  by  using  several  comparative  criteria.  For  example, 
the  failure  probability  may  be  acceptable  if  it  is  less  than  the  in-service 
failure  probabilities  demonstrated  during  the  initial  design  life  of  similar 
equipment.  A  second  safety  criterion  with  a  long  history  of  use  is  the  safety 
factor.  In  this  report,  a  life-based  safety  factor,  SF,  representing  the 
ratio  of  estimated-to-al lowable  life  extension  after  an  RFC  inspection,  is 
used  in  conjunction  with  deterministic  RFC  procedures.  Further,  safety  fac¬ 
tors  and  failure  probabilities  are  related  and  can  be  computed  from  each 
other. 

Alternative  or  additional  safety  constraints  night  also  be  im¬ 
posed,  Two  such  additional  safety  constraints  evaluated  in  this  report  are  a 
maximum  crack  size  beyond  wnich  a  part  will  never  be  placed  back  into 
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For  this 


service  ^  maximum  Inspection  Interval 

A 

Study,  has  been  set  equal  to  Its  extremes;  namely,  either  to  (1)  the 

minimum  Inspection  Interval,  to  produce  a  single,  constant  inspection  interval 
(see  equations  7-18  and  7-19)  or  (2)  infinl  y,  representing  no  maximum  inspec¬ 
tion  Interval.  The  a„,„  value  has  been  set  at  0.2!>0-1nch  for  the  majority  of 
this  study  and  varies  from  0.125-1nch  to  •  for  a  sensitivity  study. 


7.3.3  Total  RFC  Savings  Estimation  and  Sampling  Error 

The  total  RFC  cost  savings  for  each  engine  is  given  by  summing  all 
the  costs  times  tne  number  of  times  each  Is  incurred. 


r  fr  *.fr  j-vr  (Repeated  Indices  do  not 

J  *  'l  ji  ^e“je  'r  jf  denote  summation) 


(7-23) 


where  f^,  fg,  ff  represent  the  number  of  incidents  for  each  type  of  cost  or 
gain  for  the  jth  engine. 

The  expected  average  dollar  gain  per  engine  of  the  RFC  procedure  Is 
then  estimated  from 

ION 

5  -  2  Gj/IDN  (7-24) 

j  -  I 

where  IDN  Is  the  number  of  engines  simulated  (between  800  and  1500  In  this 
case).  6  Is  computed  for  alternative  F^^j^  or  SF  to  evaluate  the  RFC  per¬ 
formance  for  specific  RFC  procedures  and  parameters.  The  rms  error  of 
the  S  estimate  (i.e,,  the  sampling  tolerance  or  standard  deviation  of  ^)  due 
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to  the  use  of  a  finite  number  of  engine  simulations  (which  represent  1100  - 
10,000  disk  simulations)  Is  estimated  to  be  less  than  $4000  near  the  optimum 


safety  factor,  where  the  simulated  failure  probability  is  of  the  order  of  .001 
to  .005. 

7.3.4  Pre-Design  Life  Failures 

Due  to  the  atypical ly  large  scatter  of  the  simulated  fleet,  it  was 
not  possible  to  eliminate  pre-design  life  failures  (which  are  not  chargeable 
to  RFC)  without  reducing  the  design  life  (DL)  to  an  even  more  unrealistic 
value  than  750  cycles.  In  fact,  assuming  a  design  life  of  1000  cycles  pro¬ 
duced  8  to  10  failures  during  the  initial  1000  hours  of  each  of  the  1500 
engine  fleets  simulated.  The  750-cycle  design  life  produced  1-3  failures  in 
the  initial  750  cycles.  On  average,  10,000  hew  disks  will  suffer  twice  the 
pre-design-life  number  of  failures  than  will  5000  new  disks.  Since,  as  will 
be  shown  below,  the  better  RFC  procedures  resulted  in  0,  1,  or  2  post -design 
life  failures,  while  authorizing  a  reasonably  small  number  of  replacements,  it 
is  clear  that  the  RFC  procedure  has  the  potential  ^o  reduce  the  total  number 
of  failures  of  a  high-scatter  fleet. 

The  best  way  to  understand  this  concept  is  through  reference  to  the 
schematic  in  Figure  7-7.  Illustrated  is  the  classic  "bathtub  curve"  showing 
the  component  failure  rate  variation  with  time.  Normally  we  think  of  fatigue 
as  a  wear-out  process  and  of  disks  as  components  in  which  the  wear-in  portion 
of  the  curve  is  negligible.  However,  given  a  significant  amount  of  wear-in, 
RFC  can  actually  reduce  the  number  of  failures  below  that  which  would  be 
experienced  In  the  non-RFC  situation.  While  mechanical  engineers  often 
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associate  wear-in  failure  modes  with  electronic  components,  structural 
failures  also  show  wear-in.  These  might  be  due  to  a  source  of  unusually  large 
scatter  such  as  for  the  49-disk  population  examined  at  FaAA.  More  likely 
causes  of  wear-in  failures  are  such  identifiable  physical  phenomena  as  a  rare- 
but-possible.  Initial,  large,  crack-like  defect  located  at  the  point  of 
highest  stress  concentration  in  the  fatigue-critical  notch.  This  latter 
problem  would  be  compounded  for  a  structure  with  a  lower  ratio  of  propagation- 
to-total  part  life  than  that  exhibited  by  this  TF-33  component.  Several  RFC- 
candidate  components  of  the  F-lOO  engine  exhibit  potentially  a  lower  ratio 
than  this  TF-33  component.  Thus  tnis  potential  "extra  credit"  of  RFC  should 
be  carefully  studied  in  the  F-lOO  application. 

No  extra  credit  was  given  RFC  in  this  evaluation  for  the  reduction 
of  pre-design  life  failures.  In  fact,  for  the  case  of  the  statistical  update 
RFC  procedures,  no  provision  was  made  to  use  the  pre-design  life  failure 
information  in  the  statistical  algorithm  so,  again,  the  cost  effectiveness  of 
RFC  could  be  further  improved. 


! 


( 


7.4  Siaulated  Analyst/ Inspection  Teaas 

Five  analysts  and  four  inspectors  are  considered  to  obtain  various 
analyst/inspector  (A/I)  teams.  Five  of  these  teams  are  used  in  Section  8  to 
investigate  the  effect  of  analysis  and  Inspection  errors  on  RFC  performance, 

7.4.1  Five  Analysts 

Analyst  1  uses  a  deterministic  equation  to  model  the  fatigue  process 
that,  on  average,  will  overpredict  the  median  failure  life  by  a  factor  of 
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three.  Such  an  error  could  be  due,  for  example,  to  the  use  of  Inappropriate 


temperatures  for  laboratory  fatigue  tests.  (An  Analyst  “la"  is  also  consid¬ 
ered  who  uses  the  correct  model  with  an  underestimate  of  stress  to  produce  a 
factor-of-three  overprediction  of  life.) 

Analyst  2  uses  an  equation  to  model  the  fatigue  process  which  under¬ 
predicts  median  life  by  a  factor  of  three.  (An  Analyst  “2a"  is  also  consid¬ 
ered  who  uses  the  correct  model  but  overestimates  the  stress  to  produce  a  fac- 
tor-of-three  underprediction  of  life). 

The  third  analyst  develops  a  perfect  deterministic  model  of  the 
fatigue  process  that  corresponds  to  the  median  life  calculated  from  equation 
(7-4)*. 


It  has  been  assumed  that  the  analysts  have  included  ail  relevant 
failure  modes  in  their  assessments.  For  example,  the  effect  of  a  larger-than- 
anticipated  vibratory  stress  in  the  rim  could  cause  the  disk  life  to  be  lim¬ 
ited  by  a  combination  of  low  and  high  cycle  fatigue  near  the  rim  rather  than 
low  cycle  fatigue  and  brittle  fracture  for  the  bolt  hole  cracks. 

7.4.2  Four  Inspectors 

The  sensitivity  of  the  RFC  program  dollar  gains  to  inspection  proce¬ 
dure  is  simulated  by  using  three  different  "real"  inspectors,  the  performance 
of  which  has  been  measured,  and  one  "hypothetical"  Inspector  to  inspect  each 
engine  disk.  Inspector  A  uses  the  high  resolution  probe.  Inspection  B  uses 


*  With  constants  of  »  2500  and  Cp  ■  9560  cycles. 
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the  outside  lab  technique  with  a  500  KHz  frequency  and  Inspector  C  uses  the 
outside  lad  technique  with  a  1000  KHz  frequency.  Inspector  0  uses  a  hypothet¬ 
ically  improved  version  of  the  high-resolution  probe  which  reduces  the  crack 
sizing  error  substantially. 

7.5  Combination  of  Software  Into  the  Computer  Code 

The  individual  software  items  mentioned  above  for  simulation  of  (1) 
fleet,  (2)  fatigue,  (3)  analysis,  (4)  inspection,  (5)  constraints,  (6)  RFC 
procedure  implementation,  and  (7)  economic  results  were  combined  into  the  coni- 
puter  program  PERFCT.  The  program  is  internally  documented  with  comment  cards 
listed  in  Appendix  B  and  has  been  thoroughly  checked  out  by  comparing  its  out¬ 
put  with  detailed  hand  computations  based  on  both  deterministic  and  probabil¬ 
istic  calculations'. 
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8.0  RFC  PROCEDURE  EVALUATION  BY  fCANS  OF  SENSITIVITY  STUDIES 
8.1  Graphical  and  Tabular  Presentation  of  Results 

Major  RFC  evaluation  results  of  the  most  informative  cases  that  have 
been  examined  in  this  project  are  presented  in  Figures  8-1  through  8-14a,  The 
primary  result  of  each  case  is  a  curve  showing  the  relationship  between  the 
average  dollar  gain  per  disk,  S,  which  Is  a  measure  of  the  effectiveness  of 
the  RFC  procedure,  and  either  (a)  safety  factor  SF  or  (b)  maximum  allowable 
failure  probability  In  most  of  the  figures,  the  perfect  deterministic 
analysis  was  used  as  a  baseline  or  "standard  curve"  In  conjunction  with  (1) 
the  high-resolution  probe  inspection-uncertainty  data  and  (2)  the  factor-of- 
two,  "type  3"  cycle  counting  error  (see  Section  7.1.5).  Other  details  of  the 
baseline  curve  are  summarized  in  Figure  8-1,  Thus,  the  baseline  curve  appears 
with  other  curves  which  represent  Important  parametric  variations  used  in  the 
RFC  evaluation  sensitivity  study.  The  saitie  solid  circular  symbol  Is  used 
for  both  the  5{SF)  and  baseline  curves. 

Note  from  the  baseline  (Figure  8-1)  and  most  other  curves  a  general 
"hump"  shape  corresponding  to  a  tradeoff  between  excessive  premature  failures 
and  excessive  premature  retirements.  The  optimum  safety  factor  represents  the 
best  balance  between  these  two  competing  effects  and  corresponds  to  simulated 
failure  rates  of  the  order  of  0,25  to  3  failures  per  1500  engines,  depending 
on  the  circumstances.  The  sometimes  sharp  drop  In  the  G  curves  on  the  low  SF 
(high  Fj.^3x)  corresponds  to  too  many  failures.  The  usually  gradual  drop 
In  the  G  curves  on  the  high  SF  (low  Femax)  represents  the  cost  of  an  In¬ 
creasing  number  of  premature  disk  retirements. 
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Expected  RFC  Financial  Gain  per  Engine  (KS) 


Cycle-Based  Safety  Factor,  SF 


BASELINE  CASE  PARAMETERS: 

1)  Perfec-  Deterministic 
a  vs.  N  Analysis 

2)  Perfect  Estimate  of 
Average  Disk  Stress 

3)  High  Resolution  Probe 
Inspection  Uncertainty 
Data 

4)  "Factor-of-Two, 

Uniform  (Type  3)'' 

Cycle  Counting  Error 

5)  Constant  Safety  Factor 
and  Infer  St‘ ess  from 
Crack  Measurement 
(RFC  Procedure  #2) 


7)  Always  Return  to 
Service  if  ^  is  Less 
Than  1/32" 

8)  Always  Replace  if  a  is 
Greater  Than  1/4" 

9)  For  S  Values  Between 
1/32"  and  1/4", 

Replace  Only  if 
Dictated  by  the 
Analysis  and  Safety 
Factor 

10)  Ten  Nominally  Identical 
Cracking  Sites  per  Disk 

•Baseline  G  (SF) 

{E-1  through  E-8} 


Figure  8-1  -  Effect  of  Safety  Factor  on  RFC  Benefits  for  the  Baseline  or 
Standard  Case.  {Bracketed  Information  Lists  Table  Numbers  in 
.Appendix  E  llhich  Correspond  to  the  Displayed  Data  Points.} 


Occasionally,  one  or  more  of  the  RFC  procedural  constraints,  such  as 

A 

the  use  of  a  very  short  maximum  inspection  interval  such  as  AN  =  750 

max 

cycles,  nearly  or  totally  governs  the  RFC  decision  procedure,  so  as  to  reduce 
the  effect  of  changing  the  safety  factor  or  maximum  failure  probability.  In 
these  cases,  the  curves  become  nearly  horizontal  lines  rather  than  humps.  In 
discussing  the  RFC  evaluation  results,  those  constraints  that  cause  unusual 
behavior  of  the  curve  will  be  pointed  out. 

Each  plotted  point  in  Figures  8-1  through  8-14a  is  supported  by  a 
table  in  Appendix  E  that  summarizes,  for  each  subfleet,  the  frequency  of  all 
operation,  inspection,  replacement,  and  failure  events  that  when  combined 
resulted  in  the  data  point  for  RFC  economic  gain.  While  each  table  in  the 
voluminous  Appendix  E  is  referenced  in  a  figure  and/or  table  in  this  section, 
only  the  baseline  and  the  most  interesting  results  are  discussed  in  any 
detail. 


8.2  Discussion  of  Baseline  Curve 


Table  8-1,  summarizes  results  from  Tables  r.-l  through  E-10  for  the 
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nomic  gain  of  the  baseline  RFC  procedure  ranges  from  $13,610  to  $27,784  per 
engine.  The  poorest  RFC  performance  corresponds  to  a  safety  factor  of  1,  for 
which  1770  disk  replacements  out  of  a  possible  9000  (6  x  1500 J  prevented  all 
but  16  disk  failures.  The  safety  factor  value,  2,  produced  the  optimum 
economic  result  by  requiring  2668  replacements  and  preventing  all  but  two 
failures,  which  resulted  in  a  $27,784  gain  per  engine.  While  the  tabulated 
dollar  gains  are  based  on  accurate  cycle-by-cycle  prorations  computed  by 
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PERFCT,  the  equations  below  deritonstrate  that  the  economic  gains  can  be  essen¬ 
tially  reproduced  with  simple  hand  calculations. 

T;  =  45,000  -  1^200  F.  +  7500  +  2,000,000  F^j  /l500  (8-1) 

where  ,  F^,  and  F|:  are  the  total  numbers  of  inspections,  replacements,  anj 
failures  in  the  1500-engine  fleet  as  output  in  the  tables  of  Appendix  E. 

The  reason  that  the  safety  factor  value  of  1.0  does  not  result  in 
more  than  16  failures  1s  the  presence  of  two  synergistic,  conservative  factors 
listed  as  items  6  and  10  in  Figure  8-1.  These  factors  are  the  frequent 
(750-cycle)  inspections  combined  with  the  multiplicity  of  inspection  sites 
that  allow  every  $iisk  inspection  ten  opportunities  to  reject  the  disk.  In 
effect,  these  powerful  factors  are  optimally  balanced  by  the  choice  of  a  gen¬ 
erally  low  safety  factor  of  2, 

The  "no  RFC"  condition  serves  as  a  reference  of  zero  dollar  gain  per 
engine,  and  corresponds  to  9000  fleet  replacements  with  no  failures  (as  ex- 

n*l;dnAH  in  7  nn  ic  Siiiai  nn  niuan  tn  DPT  fAr  nr^wAntinn  n»»A.. 

...  w..  •  .  W.  V.  .  .  .*9  r*  — 

design-life  failures)  and  no  inspections.  The  maximum  cost  savings  is  $45,000 
per  engine  (6  replacements  per  engine  times  $7500  per  replacement).  However, 
since  the  undisturbed  simulated  fleet  will  produce  many  failures  (in  fact. 
Table  8-1  notes  308  failures)  in  the  5200  cycle  engine  life,  $45,000  per 
engine  is  not  an  achievable  upper  bound  for  the  analyzed  situation.  Rather, 
as  noted  in  Table  8-1  no  less  than  311  perfectly  timed  and  accurate  inspec¬ 
tions  and  replacements  are  necessary  to  avoid  all  failures.  The  reason  that 
311  rather  than  308  replacements  are  required  is  that  the  PERFCT  program 
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assumes  that  any  engine  suffering  a  failure  Is  down  until  the  next  scheduled 
'nspectlor.  Therefore,  the  "unattainably  perfect"  RFC  procedure  Involves 
slightly  more  disk  time  than  the  "negligent"  RFC  procedure.  Thus,  the  upper 
bound  of  RFC  gain  Is  shown  In  Table  8-1  as  $43,163,  racher  than  $45,000  per 
engine,  wiien  the  311  necessary  replacements  are  Included. 

Tha  "negllfjent'  case  Involves  a  test  program-like  situation  In  which 
nelthe’’  replacements  nor  inspections  are  permitted  through  the  5200-cycle 
engine  life.  Since  the  resulting  303  failures  correspond  to  a  17%  cumulative 
failure  probability  (308/1,808),  It  is  clear  from  this  "do-nothing"  analysis 
that  any  RFC  procedure  would  be  severely  tested  using  the  high-scatter,  high- 
failure  rate  fleet  represented  by  the  49  Inspected  disks. 

The  baseline  RFC  simulation  is  considered  to  be  very  encouraging  in 
comparison  to  the  extreme  cases  of  perfection,  absurd  negligence,  and  no  RFC. 
The  potential  example,  with  SF  =  3.3)  for  avoiding  wall  over  half  the 

9,000  replacements  with  no  failures  and  a  gain  of  over  $25,000  per  engine  Is 
impressive.  The  $25,000  value  Is  also  impressive  considering  the  absolute 
extreme  results  of  approximately  $43,000  for  an  unattainably  perfect  situa¬ 
tion.  However,  the  baseline  case  Involved  perfect  deterministic  fracture 
mechanics  and  stress  analyses  and  fairly  conservative  constraints  and  Inspec¬ 
tion  practices.  Most  of  the  remainder  of  Section  8  Is  devoted  to  exploring 
the  inopact  of  different  assumptions,  inspection  procedures,  constraints,  and 
introduction  of  several  types  of  possible  errors. 


8.3  Effect  on  KFC  Benefits  of  Inspection  Equipment  and  Procedures 
8.3.1  Effects  of  Inspection  Uncertainty  and  Intervals  Between  Inspections 

Figure  8-2  shows  the  effect  of  changing  the  inspection  procedure  from 
the  baseline  high-resoiution-probe  inspection  on  RFC  benefits.  We  have  also 
characterized  the  uncertainties  of  two  other  Inspection  procedures;  namely, 
the  "outside"  lab  procedure  for  frequencies  of  500  Ki  and  1000  KHz.  As  seen 
from  Figure  8-2,  there  is  little  to  choose  among  the  economic  benefits  gained 
from  the  three  inspection  procedures  for  safety  factors  between  two  and  four. 
However,  for  safety  factors  greater  than  4,  the  outside  lab  inspection  using  a 
500  KHz  frequency  leads  to  the  highest  benefit  of  the  three  inspections. 
Table  8-2  gives  some  idea  as  to  why  the  500  KHz  inspection  is  superior  for 
adequate-to-high  safety  factors  in  this  application.  Basically,  the  500  KHz 
inspection  revealed  less  propensity  to  oversize  cracks,  especially  by  large 
amounts  such  as  the  factor  "4"  addressed  in  Table  8-2, 


The  high  resolution  probe  is  clearly  superior  for  detecting  small 
cracks  (belo.-  0.03"),  but,  in  the  context  of  the  simulated  TF-33  RFC  program, 
this  extra  datvction  capability  has  almost  no  effect  upon  the  RFC  gain.  The 
two  major  reasoiis  for  this  lack  of  effect,  as  learned  from  examining  the 
details  of  the  premature  failures  and  retire.nents  that  occurred  in  the  simu¬ 
lated  results,  are  (l)  it  is  the  intermediate-to-large  crack  sizes  that  are 
Important  (e.g.,  0.05  Inch  to  0.2  inch)  for  most  RFC  decisions  and  (2)  given 
an  adequately  large  safety  factor  and  mariy  chances  to  detect  cracks  (e.g., 
frequent  inspections  and  multiple  crack  sites),  the  superior  RFC  procedure 
will  be  the  one  with  least  propensity  to  greatly  oversize  the  crack.  Again, 
as  seen  in  Table  8-2,  the  500  KHz  inspection  has  demonstrated  the  least 
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•High  Resolution  Probe 
{E-1  through  E-8} 

■  Outside  Lab  (1  MHZ) 
{E-17  through  E-22} 

AOutside  Lab  (500  KHZ) 
{E-11  through  E-16} 


Figure  8-2  -  Effect  of  Inspection  Procedure  on  RFC  Benefits. 


Table  8-2 


risen  Of  The  Probubilitv  Of  0v«r«st1i»at1n 


Creek  Sl2es  Usina  Three  Inspection  Procedures 


Actual  Crack 

Size  a  (Inches) 

Probability  of  Overestimating 
Crack  Size  by  any  Amount 

High 

Resolution 

Probe 

Outside 

Lab 

(500  KHZ) 

Outside 

Lab 

(1  MHZ) 

,0G3 

.  e<bV 

.10 

.10 

.015 

.53 

.25 

.30 

.025 

.60 

.30 

.30 

.035 

.50 

.32 

.45 

.05 

.50 

.39 

.43 

.08 

.34 

.32 

.34 

.15 

.40 

.40 

.43 

Probeblllty  of  Overestimating 
"a '  by  more  than  4  times 


High  Outside  Outside 

Resolution  Lab  Lab 
Probe  (500  KHZ)  (1  i«{Z) 


tendency  of  the  three  Inspection  procedures  to  oversize  the  crack.  A  key 
reason  why  crack  detection  probability,  per  se,  does  not  dramatically 
influence  the  optimum  RFC  benefits  is  that  the  multiplicity  of  inspection  and 
failure  sites  (in  this  case,  ten  bolt  holes  which  can  produce  RI  cracks) 
introduces  ample  opportunity  to  detect  at  least  one  crack  if  multiple  bolt 
holes  are  cracked.  For  example,  if  the  probability  of  detection  for  a  given 
crack  size  present  in  each  bolt  hole  is  independent  of  the  other  nine  holes 
and  is  only  0.5,  the  probability  of  detecting  at  least  one  of  these  10  cracks 
would  be  greater  than  0.999. 

Figure  8-3  is  Included  to  show  possible  upside  benefits  for  a  hypo¬ 
thetical  dramatic  improvement  in  the  high -resolution  probe  inspection.  While 
detection  probabilities  for  given  cracks  were  not  changed,  the  sizing  was 
dramatically  improved  by  inserting  a  square  root  function  "operator"  into  the 
inspection  simulation  subroutine  (OAHAT;  Appendix  B).  The  square  root  opera- 

A 

tor  was  used  to  reduce  inspection  uncertainty  and  to  produce  a/a  ratios  closer 
to  unity,  the  perfect  value.  For  example,  if  a  random  selection  from  the 
probability  distributions  of  uncertainty  for  the  high  resolution  probe  pro- 

A 

duced  an  a/a  of  4,  the  square  root  function  transformed  this  ratio  to  2.  and 

A 

for  an  a/a  of  1/9,  the  square  root  operator  artificially  changed  this  value  to 
1/3,  etc.  As  might  be  expected,  this  dramatic  reduction  in  crack  sizing 
uncertainty  produces  an  across-the-board  increase  in  RFC  gain  for  realistic 
values  of  safety  factor.*  However,  the  Increases  are  not  dramatic  and  the 
optirmim  benefits  of  the  actual  high-resolution  probe  inspection  ($28,000  per 


*  If  the  effective  safety  factor  is  too  low,  a  better  inspection  can  increase 
the  number  of  failures.  By  comparing  Tables  E-1  and  E-23,  note  that  “at  5F 
“  1,  the  superior  inspection  increased  failures  from  16  to  19  but  produced 
economic  benefit  by  reducing  replacements  from  1770  to  645. 
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•Actual  High  Resolution 
Probe  Data 
{E-1  through  E-8} 

■Hypothetical -Improvement 
Inspection  in  which  the 
square  root  function  was 
used  to  reduce  inspection 
uncertainty  of  the  High 
Resolution  Probe  ^‘/a  data, 
(i  .e.  an  i/a  of  4  was 
transformed  to  2,  an  S/a 
of  1/9  was  changed  to  1/3, 
etc.) 

{E-23  through  E-30} 


Cycle-Based  Safety  Factor,  SF 


Figure  8-3  •  Effect  of  a  Dramatic  Reduction  of  Inspection  Uncertainty  on 
RFC  Benefits. 
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engine;  short  of  perfection  by  $15,000)  are  increased  approximately  $5000  per 
engine  to  $33,000  per  engine  (short  of  perfection  by  $10,000),  The  presence 
of  the  many  other  variables  and  constraints  limits  the  impact  of  improved 
inspection. 

Figure  8-4  demonstrates  the  effect  of  removing  the  maximum-inspection- 
interval  constraint.  Removing  this  constraint  produces  a  slightly  higher 
optimum  benefit  of  over  $29,000  per  engine  along  with  a  dramatic  shift  in 
optimum  safety  factor  from  2  to  4.  Again,  the  optimum  SF  is  associated  with 
two  failures  (see  Table  E-36),  Thus  Figure  8-4  shows  clearly  the  underlying 
conservatism  inherent  in  the  use  of  very  frequent  inspections.  Because  of  the 
multiplicity  of  inspection  sites,  there  is  a  much  higher  probability  of  over¬ 
predicting  the  magnitude  of  the  largest  crack  in  the  disk  than  underpredicting 
it.  Therefore,  the  multiplicity  of  inspection  sites  and  high  inspection 
frequency  lead  to  optimum  results  at  a  low  safety  factor.  When  the  constraint 
on  maximum  inspection  interval  is  removed,  the  optimum  safety  factor  takes  on 
a  value  (SF  =  4),  which  is  much  more  intuitively  pleasing  considering  the 
scatter  in  the  fleet  under  study.  Note  the  unexpected  modest  increase  in  the 
number  of  failures  from  2  to  17  (Tables  E-25  through  E-31)  and  decrease  in 
cost  (Figure  8-4)  for  the  large  reduction  of  the  safety  factor  from  4  to  2  for 
the  unconstrained-maximum  inspection  interval  case.  This  "safety  net"  is  due 
primarily  to  the  multiplicity  of  inspection  sites  and  the  0.25-inch  limit  on 
maximum  measured  crack  size  for  rf turn  to  service. 

In  Figure  8-4a,  the  effect  of  a  limit  on  the  maximum  time  between 
inspection  is  examined  in  conjunction  with  the  probabi 1 istic-update  RFC  bene¬ 
fit  (Procedure  No,  4),  For  the  baseline  case,  the  maximum  economic  benefit  is 
gained  by  specifying  a  maximum  allowable  failure  probability  at  the  very  high 
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,  Expected  Finar.cial  Gain  per  Engine  (K$) 
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1  2  3  4  5  6 

Cycle-Based  Safety  Factor,  SF 


•Maximum  Permissible 
Inspection  Interval  = 

1  Design  Life  =  750  Cycles 
{E-1  through  E-8} 

•  No  Specific  Overriding 
Constraint  on  Maximum 
Permissible  Inspection 
Interval 

{E-31  through  E-36} 


Figure  8-4  -  Effect  of  Reaving  the  Overriding  Constraint  of  Maximum 
Permissible  Inspection  Interval. 
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value,  0.05.  Again,  the  conservatism  embodied  in  the  multiplicity  of  inspec¬ 
tion  sites  and  frequent  inspections  must  be  offset  by  an  unreasonably  large 
failure  probability  specification  to  produce  an  optimum  economic  return.  The 
curve  for  the  baseline  case  also  demonstrates  that  the  economic  penalty  asso¬ 
ciated  with  using  much  lower  values  of  maximum  allowable  failure  probability 
(Frmax)  exorbitant.  In  fact,  because  of  the  liberal  constraint  that 

all  disks  with  nsaxiinum  measured  crack  sizes  less  than  0.031  inch  be  returned 
to  service  unconditionally,  the  curve  reaches  an  asymptote  of  approximately 
$20,000  per  engine  for  specified  failure  probability  values  less  than  9.001. 

The  dashed  curve  in  Figure  8-4a  corresponds  to  the  removal  of  con¬ 
straints  upon  maximum  inspection  intervals.  As  with  Figure  8-4,  the  disk  is 
inspected  at  integer  multiples  of  the  minimum  inspection  interval.  The  inte¬ 
gers  are  determined  by  the  fracture  mechanics,  stress,  and  saff^y  analyses. 

A 

Upon  removing  the  constraint  on  the  economic  benefits  peak  at  a  much 

more  reasonable  value  of  specified  failure  probability  of  0.005.  Note  that  if 
the  conservative  and  liberal  aspects  of  the  RFC  procedure  were  to  exactly  bal¬ 
ance  each  other,  the  optimum  failure  probability  specification  could  be  com¬ 
puted  directly  from  the  costs.  This  optimum  value  would,  at  least  to  a  first 
order,  simply  be  the  ratio  of  replacement  and  failure  costs  which  would  result 
in  F^njax  "  0.00375  ($7500/$2,000,000).  Thus,  the  removal  of  the  constraint  on 
maximum  inspection  Interval  acts  to  balance  and  modestly  improve  the  RFC  pro¬ 
cedure  tha  fracture  mechanics,  stress,  and  other  errors  are  not  over¬ 
whelming.  Results  discussed  later  in  this  section  will  show  how  important  the 
use  of  frequent  Inspections  is  when  analysis  and  cycle  counting  errors  become 


more  extreme 


In  comparing  Figures  8-4  and  8-4a,  It  should  be  noted  that  the  optimum 
return  for  the  probabilistic  update  procedure  Is  somewhat  less  than  that  of 
the  constant  safety  factor  procedure  but  that  the  downside  risk  of  the 
probabilistic-update  RFC  procedure  appears  to  be  somewhat  less.  This  trend 
will  continue  for  most  of  the  results  to  be  described  below.  The  major 
reasons  why  the  employed  probabilistic-update  procedure  results  in  slightly 
lower  optimum  economic  benefits  are:  (1)  the  use  of  non-optimum  initial 
values  of  the  input  statistical  parameters  a  =  4  and  e  =  1  (see  Appendix  C) 
and  (2)  the  failure  to  apply  the  statistical  update  more  often  than  once  every 
750  cycles  (a  major  improvement  in  the  optimum  would  result  just  by  adding  the 
condition  that  the  fleet  be  reanalyzed  immediately  upon  any  failure).  While 
the  reduction  of  downside  risk  through  statistical  updates  is  not  dramatic  in 


comparing  Figures  8-4  and  8-4a  much  yreater  reductions  will  be 


below  for  cases  in  which  significant  analytical  and  other  errors  are  simu¬ 
lated.  Thus,  the  major  benefit  of  field  feedback  in  specifying  allowable  life 
extension  is  to  avoid  major  costs  or  risk  associated  with  improper  choice  of 
SF,  More  frequent  updates  are  required  than  used  herein  to  raise  or  maintain 
the  optimum  levels  associated  with  the  fortunate  choice  of  an  optimum  constant 
safety  factor. 


8.3.2  Effect  of  fiaximum  Allowable  Measured  Crack  Size 

Figure  8-5  indicates  the  minor  influence  of  the  value  specified  for 

A 

maximum  allowable  crack  size  (a  )  for  the  present  study.  The  economic 
results  of  the  RFC  procedure  are  so  constrained  by  other  specifications, 
mainly  the  use  of  very  frequent  inspections,  that  this  "must  reject"  crack 
size  value  has  relatively  little  Impact.  If  the  constraint  on  maximum  inspec- 
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MAXIMUM  ALLOWABLE  CRACK 

■*iriax  *  0.125" 

{E-52  through  E-54} 

•amax  = 

{E-1  through  E-8} 

na  E  0  Rn" 

“  ''max  - 

{E-55  through  E-57} 

*^max  “  * 

{E-58  through  E-60} 


Figure  8-5  -  Effect  of  Maximum  Allowable  Apparent  Crack  (^inwx)  ‘ih  RFC 
Benefits. 
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would  be 


tion  interval  had  been  removed,  the  downside  risks  of  removing  a„,„ 

max 

enormous,  which  was  pointed  out  for  a  more  primitive  analysis  earlier  in  this 
project. 


8.3.3  Effect  of  Number  of  Crack/Inspection/Failure  Sites 

Figures  8-6  and  8-7  demonstrate  the  dramatic  effects  of  changing  the 
number  of  inspection  sites  from  10  to  1.  A  first  order  approach  to  the 
problem  might  conclude  that  reduction  of  failure  sites  by  a  factor  of  10 
should  reduce  the  number  of  failures  by  this  same  factor  and  result  in  a  more 
successful  RFC  program.  However,  this  first-order  approach  ignores  the 
“multiple-crack  safety  net"  on  crack  detection  when  inspection  variations  are 
priiTiarily  site-to-site  (rather  thar?  inspector-to-inspector,  time-to-time, 
etc.).  Many  failures  are  prevented  In  the  simulated  results  when  the  most 
dangerous  and  largest  cracks  in  the  disks  are  undetected  or  undersized  vfhile  a 
smaller  crack  (or  even  a  false  call  with  no  crack  present  at  all)  produces  a 

A 

rejectable  value  of  a  .  For  the  case  of  one  inspection  site  per  disk,  this 
safety  net  is  completely  removed. 

An  initial  comparison  of  Figures  8-6  and  8-7  seems  to  reveal  an  incon¬ 
sistency  in  that  the  disks  with  2  or  5  crack  sites  appear  to  produce  at  least 
as  much  economic  benefit  as  the  disks  with  10  crack  sites  while  c’so  producing 
more  failures.  However,  the  study  of  Tables  E-1  through  E-8  and  E-61  through 
E-66  in  Appendix  E  resolves  this  apparent  anomaly.  The  number  of  disk 
replacements  is  dramatically  reduced  when  the  number  of  crack  sites  is 
reduced,  for  any  given  constant  safety  factor. 


,  Expected  RFC  Financial  Gain  per  Engine  (KS) 


Cycle"' Based 
Safety  Factor,  SF 


•10  Sites  per  Disk  (Standard) 
{E-1  through  E-8} 

A 5  Sites  per  Disk 
{E-61  through  E-64} 

o2  Sites  per  Disk 
{E-65  through  E-68} 

Site  per  Disk 
{E-69  through  E-72} 


Figure  8-6 


effect  of  the  Number  of  Nominally  Identical  Crack/ 
Inspection  Sites  per  Disk  on  RFC  Benefits. 
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Figure  3-7  -  Effect  of  Number  of  Cracking  Sites  on  Number  of  Fleet  Failures  Encountered 
While  Employing  Two  RFC  Procedures. 


r 


Two  effects  could  reduce  the  safety  net  associated  witn  mere  crack 
sites.  The  first  is  if  the  physics  of  the  inspection  process  and  cracking  are 
such  that  factors  causing  the  lack  of  detection  of  the  crack  in  one  disk  fail¬ 
ure  site  are  also  very  likely  to  be  present  at  other  failure  sites  of  that 
disk.  Then  the  inspection  reliability  of  the  failure  sites  would  net  be  inde¬ 
pendent  in  a  given  disk,  and  missing  one  large  crack  could  imply  an  unaccepta¬ 
bly  high  probability  of  missing  an  equally  large  crack  at  some  other  disk 
location.  The  second  effect  would  be  a  combination  of  higher  mean  and  scatter 
of  times  to  crack  initiation  than  simulated  here.  Such  a  situation,  espe¬ 
cially  if  compounded  by  a  non-ncgligible  probability  of  significant  fabrica¬ 
tion  cracks  at  the  critical  location,  could  cause  the  poor  performing  disks  to 
have  only  one  large  crack  just  prior  to  failure. 

The  downside  risk-reduction  power  of  the  probabilistic  update  proce¬ 
dure  is  amply  demonstrated  in  Figure  8-8  which  shows  that  for  reasonable 
specified  allowable  failure  probabilities,  say  less  than  0.01,  the  effective 
feedback  of  field  data  provides  an  immediate  and  effective  substitute  for  the 
removal  of  the  multiple-inspection-site  safety  net.  Specifically,  when  com¬ 
pared  to  the  constant  safety  factor  procedure,  the  number  of  failures  (see 
Tables  E-76  through  E-81)  are  markedly  reduced  for  the  disks  with  one  or  two 
cracking  sites  without  a  cost-compensating  increase  in  the  number  of  replace¬ 
ments  required.  Basically,  the  probabilistic  update  procedure  reacts  to  the 
Initial  "surprise"  failures,  decides  something  Is  wrong  and  quickly  adjusts 
the  allowable  life  extensions  to  maintain  a  failure  probability  less  than 
0.01. 
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Figure  8-8  -  Effect  of  Number  of  Nominally  Identical  Cracking  Sites  on  Probabilistic  RFC  Benefits. 


8.4  Effect  t>f  Fracture  Hechanics  and  Stress  Analysis  Errors  on  RFC 

EconoM\'  cs 

8.4.1  Fracture  ftechanics  Analysis  Errors 

In  Figure  8-9  are  shown  some  effects  of  fracture  mechanics  analysis 
errors  on  RFC  benefits.  For  this  Figure,  the  high  resolution  probe  inspection 
uncertainty  data  was  used  in  combination  with  three  deterministic  analysis 
procedures  described  in  detail  in  Section  7.  The  perfect  deterministic  curve 
is  the  baseline  discussed  previously.  The  other  two  :urves  on  Figure  8-9 
represent  algorithms  which  underestimate  and  overestimate  failure  cycles  by  a 
factor  of  3  for  a  given  stress.  Stress  analysis  errors  are  not  simulated 
directly  in  Figure  8-9.  The  results  demonstrate  that  there-  are  enough  con¬ 
straints  in  the  procedure  to  easily  absorb  such  life  prediction  errors.  Two 
key  reasons  that  errors  have  so  little  effect  on  the  baseline  (RFC  procedure 
No.  2)  case  are  1)  the  high  frequency  of  inspections  and  2)  the  ability  to  use 
stress  as  an  adjustable  parameter  to  fit  the  observed  crack  sizes  and  compen¬ 
sate  for  other  errors. 

The  ability  of  the  baseline  RFC  procedure  to  handle  large  life  predic¬ 
tion  errors  is  somewhat  surprising  considering  the  devastating  results  of  a 
factor-of -three  overestimate  of  failure  cycles  on  the  similar,  if  more  primi¬ 
tive,  RFC  procedure  evaluated  earlier  in  this  project.  In  order  to  explore 
this  dramatic  difference  in  sensitivity  to  analysis  errors,  some  of  the 
aspects  of  the  earlier  RFC  evaluation  are  reproduced  In  Figure  8-10.  The 
major  differences  in  the  past  and  present  RFC  procedures  evaluated  are  the  use 
of  a  15,000  cycle  engine  life  and  no  limit  on  the  maximum  permissible  inspec¬ 
tion  interval.  It  should  be  noted  that  the  combination  of  a  750-cycle  disk 
design  life  and  15,000  engine  cycles  Implies  the  need  for  up  to  19  (rather 
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Cycle-Based  Safety  Factor,  SF 


HIGH  RESOLUTION  PROBE 


•Perfect  Deterministic 
Analysis 

{E-1  through  E-8} 

« Underestimate  Failure 
Cycles  by  a  Factor  of  3 
{E-82  through  E-86} 

A  Overestimate  Failure 
Cycles  by  a  Factor  of  3 
{E-87  through  E-89} 


Figure  8-9-  Effect  of  Deterministic  Analysis  Errors  on  RFC  Benefits. 


Expected  RFC  Financial  Gain  per  Engine  (K$) 


|o 


AG200  Cycle  Engine  Life. 
MaximuiTi  Pernissible 
Inspection  Interval  = 

750  Cycles 

{E"87  through  E-89} 

•15000  Cycle  Engine  Life, 
Maximum  Permissible 
Inspection  Interval  = 

750  Cycles 

{E-90  through  E-95} 

^15000  Cycle  Engine  Life, 
No  Liini  t  on  Maximum 
Pennissible  Inspection 
Interval 

{E-96  through  E-lOll 


Flaure  8-10-  Effect  of  Some  Specific  Changes  in  Specified 
^  Lives  and  Inspection  Interval  Constraints 

Upon  RFC  Benef’  ts  Wien 

Algorithm  (Anti-conservativeTyTgvglHgil^ 
Li fe  ^"Tactor  of  Three. 

8-25 


than  6)  disk  replacements  and  potential  RFC  savings  of  more  than  $100,000  per 
engine.  The  middle  curve  in  Figure  3-10  is  a  reproduction  of  the  solid  tri¬ 
angle  data  points  in  Figure  0-9  which  represent  a  factor-of -three  overestimate 
of  life.  This  curve  provides  a  reference  for  comparison  with  the  baseline 
5,Z00-cycle-eng1ne  life  case.  The  lower  curve  demonstrates  the  devastating 
impact  of  the  factor-of-three  overestimate  of  life  for  the  15,000-cycle  engine 
with  no  constraint  on  maximum  inspection  Interval,  The  upper  curve  in 

Figure  8-10  shows  the  dramatic  effect  of  restricting  all  inspection  intervals 
to  the  750-cycle  design  life  value.  Obviously,  the  requirement  for  reasonably 
frequent  inspections  can  eliminate  an  enormous  amount  of  downside  risk  of  RFC. 

In  Figure  8-lOa,  the  simulations  of  Figure  8-10  are  repeated  exactly 
with  the  single  exception  that  the  probabilistic-update  procedure  (No.  4)  is 
used  rather  than  the  constant -safety-factor  procedure  (No.  2).  Again,  the 
downside  risk  associated  with  unlimited  maximum  inspection  intervals  and  a 
large  anti -conservative  life  prediction  error  is  easily  absorbed  with  the 
introduction  of  effective  feedback  from  the  field.  Especially  encouraging  is 
the  near-zero  Impact  of  maximum  permissible  inspection  interval  at  reasonable 
failure  probability  specifications  less  than  0.005. 

Figure  8-lOb  shows  the  same  three  cases  as  Figure  8-10  but  Includes  no 
fracture  mechanics  analysis  errors.  Comparison  of  Figures  8-10  and  8-lOb 
demonstrates  the  synergism  of  the  detrimental  effects  of  (1)  factor-of-three 
life  prediction  error  and  (2)  the  failure  to  specify  a  maximum  inspection 
Intervals  Elimination  of  either  effect  eliminates  the  tremendous  number  of 
field  failures  resulting  from  both  effects  occurring  together. 
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I'laAiTTiuni  Allowable 


Failure  Probability,  F^.^^ 


B 15000  Cycle  Engine  Life, 
Maximum  Permissible 
Inspection  Interval  « 

500  Cycles 

{E-102  through  E-104) 

A 15000  Cycle  Engine  Life, 
No  Limit  on  Maximum 
Permissible  Inspection 
Interval 

{E-105  through  E'108} 


Figure  8-lOa  -  Effect  of  Some  Specific  Changes  in  Specified 
Lives  and  Inspection  Interval  Constraints  Upon 
Probabilistic-Update  RFC  Benefits  When  Life 
Prediction  Algorithm  (Anti -conservati velyT 
Overpi^dTcts  Life~l>y  Factor  of  Three. 
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Cycle-Based  Safety  Factor,  SF 


•5200  Cycle  Engine  Life, 
Maximum  Permissible 
Inspection  Interval  = 

750  Cycles 
{E-1  through  £-8} 

«i  15000  Cycle  Engine  Life, 
Maximum  Permissible 
Inspection  Interval  = 

750  Cycles 

{E-109  through  E-114) 

A15000  Cycle  Engine  Life, 
No  Lim’t  on  Maximum 
Permissible  Inspection 
Interva 1 

{E-115  through  E-1201 


Figure  8-lOb  -  Effect  of  Some  Specific  Changes  in  Specified  Lives  and 
Inspection  Interval  Constraints  Upon  RFC  Benefits  When 
No  Errors  Are  Hade  ^  tl«  Life  Prediction  A1 gorithm. 


8.4.2  The  Effect  of  Stress  Analysis  Errors  and  Estimation  Technique 

In  Figure  8-11  Is  shown  the  effect  of  severe  Initiail  stress  analysis 
errors.  In  an  otherwise  perfect  fracture  mechanics  model,  on  the  probabilistic 
update  procedure's  economic  return.  The  stress  analysis  errors  simulated 
correspond  approximately  to  factor-of-th**ee  overestimates  or  underestimates  of 
life,  so  as  to  be  comparable  to  the  fracture  mechanics  analysis  errors  simula¬ 
ted  previously.  As  seen,  the  errors  have  virtually  no  Impact  upon  the  RFC 
economics  for  the  Investigated  RFC  Procedure  No.  4  In  Figure  8-11.  While  not 
shown,  similar  results  were  obtained  for  the  constant-safety-factor  RFC  Proce¬ 
dure  No.  2.  The  key  factors  that  reduce  the  Impact  of  stress  analysis  errors 
are  the  use  of  frequent  Inspections  and  the  estimation  of  stress  from  measured 
crack  size  rather  than  prior  design  analysis.  Apparently,  the  Inspection  pro¬ 
cedures  Investigated  have  sufficient  accuracy  tc  permit  economic  gains  through 
calibration  of  a  key  parameter  such  as  stress. 

In  Figure  8-12  the  Impact  Is  explored  of  using  prior  stress  estimates 
not  subject  to  modification.  Initially,  the  results  are  surprising  until 
detailed  investigation  Is  accomplished.  The  two  upper  curves  are  (1)  the 
baseline  case,  representing  stress  estimates  based  on  Inspection  results  and 
(2)  the  use  of  an  unmodified  prior  estimate  of  average  fleet  stress  33X  larger 
than  the  true  value.  The  reason  the  stress  overestimate  produces  far  better 
gains  than  the  perfect  but  unmodified  estimate  of  stress  (middle  curve  with 
open  triangles)  is  that  the  conservative  overestimate  of  stress  balances  the 
other  errors  occurring  In  the  RFC  procedure;  most  notably,  the  large  cycle¬ 
counting  errors.  The  use  of  a  perfect  stress  estimate  which  Is  unmodified  to 
compensate  the  cycle  counting  errors  results  In  a  very  poor  performance 
unless  safety  factors  much  larger  than  normal  happen  to  have  been  chosen.  Of 
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Effect  of  Sjvere  Initial  Stress  Analysis  Errors  on  Probabilistic-Update  RFC  Economic 
Benef i ts . 


Expected  RFC  Financial  Gain  per  Engine  {K$) 


123456789  10 
Cycle-Based  Safety  Factor,  SF 


•Standard  Case  -  Perfect  Initial 
Estimate  of  Average  Fleet 
Stress  Subject  to  Modification 
[ISTRES  =  1]  for  Each  Disk 
Based  Upon  Inspection  Results 
{E-1  through  E-8} 

^Perfect  Initial  Estimate  of 
Average  Fleet  Stress  Not  Subject 
[ISTRES  =  2]  to  Individual -Disk, 
Inspection-Based  Modifications 
{E-133  through  £-137} 

♦Severe  (25%)  Underestimate  of 
Average  Fleet  Stress  N^t  Subject 
[ISTRES  *  2]  to  Inspection-Based 
Modi fi cations 
{E-138  through  £-140 1 

■Severe  (33%)  Overestimate  of 
Average  Fleet  Stress  Not  Subject 
[ISTRES  *  21  to  Inspection-Based 
Modi fi cations 
{E-141  through  £-143} 


Figure  8-12  -  Effect  of  Stress  Estimation  Method  on  RFC  Benefits. 
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course,  the  underestimation  of  stress  compounds  the  problem.  The  reason  the 
underestimation  curve  is  horizontal  {solid  triangles,  lowest  curve)  in  Figure 
9-11,  is  the  fact  that  it  leads  to  no  restraint  on  RFC  for  safety  factors 
between  2  and  6.  The  only  reason  the  losses  are  held  to  approximately  $21,000 
per  engine  are  the  frequent  inspections  and  requirement  that  all  disks  with 
cracks  measured  greater  than  0.25  inch  be  immediately  replaced, 

Ir  Figure  8-12a,  the  simulations  of  Figure  8-12  are  repeated  exactly 
for  the  probabilistic-update  procedure.  The  results  are  again  encouraging 
although  the  failure  to  adjust  stress  estimates  to  reflect  inservice  inspec¬ 
tion  results  still  reduces  the  benefits  of  RFC, 

/{nother  interesting  effect  is  summarized  in  Figure  8-12f<  and  is  de¬ 
tailed  in  the  results  of  Tables  6-148  through  E-150  and  E-153  through  E~155. 
This  is  a  "lead-the-fleet"  effect  in  which  the  introduction  times  of  new 
engines  Into  service  are  altered  to  gauge  the  effect  upon  the  updating  scheme. 
The  upper  ("lead-the-fleet"  Tables  E-i4g  and  E-1S4)  points  represent  complete 
usage  of  a  subfleet  before  the  next  subfleet  is  introduced  and  allow  the 
1  ictir  iinHflto  mnro  t-litw*  to  oroduce  ootlmum  results.  The  lower  poi«itS 

In  the  brackets  correspond  to  all  four  subfleets  being  introduced  simultan¬ 
eously;  hence  the  “no-fleet -leade'"'  designation  in  Tables  E-150  and  E-155. 
Some  updating  is  performed  as  all  engines  ago  together,  but  there  is  no  le^d 
the  fleet  benefit  in  which  data  from  old  engines  are  fed  back  to  produce 
greater  RFC  returns  for  younger  engines.  The  results  also  indicate  that  the 
lead-tha-fleet  effect  Is  most  pronounced  when  it  Is  irast  rieeded.  That  is, 
when  the  RFC  returns  are  already  nein  optimum,  'c'  v  addition  of  mors  inforwa- 
tlon  cannot  help  or  hurt  very  much,  however,  for  thvi  case  of  severe  under- 
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Floure  a-12>  -  Effect  of  Stress  Estimation  Method  and  "Load-the-n  oef  on  ProbabiHstic-Update 
RFC  Benefits. 


estimation  of  stress,  where  the  RFC  returns  are  lower,  the  lead-the-fleet 
effect  is  more  Important. 

8.5  Effect  of  Usage  Estlnatlon  Errors 

In  Figure  8-13,  we  investigate  the  effect  of  the  magnitude  and  type  of 
cycle-counting  errors  (N  versus  N)  on  RFC  benefits  are  Investigated,  As  shown 
in  Figure  8-13,  all  investigated  serious  errors  in  cycle  ccunting  can  be 
tolerated  in  conjunction  with  the  baseline  RFC  procedure.  The  n»st  serious 
type  of  error  Is  the  “Type  1“  error  that  allows  random  changes  in  cycle¬ 
counting  errors  from  Inspection-to-lnspectlon.  The  most  obvious  and  serious 
sequence  of  such  errors  would  be  (1)  an  overestimate  of  past  usage  of  an  in¬ 
spected  d'^sk,  leauing  to  false  confidence  regarding  the  lack  of  measured 
cracks  In  a  "seasoned"  disk,  followed  by  (2)  an  underestimate  of  future  usage 
leading  to  additional  false  confidence  regarding  the  future  rate  of  crack 
growth.  As  seen  In  Figure  8-13,  even  Type  1  errors  cannot  eliminate  most  of 
the  RFC  economic  benefits. 

As  mentioned  previously,  the  baseline  situation  involves  Type  3  errors 
in  which  the  usage  estimation  error  Is  constant  over  the  entire  life  of  the 
part.  The  simulated  Type  2  errors  In  Figure  8-13  are  the  most  realistic  in 
that  thwy  Include  an  initial  systematic  constant  usage  estimation  error  that 
applies  for  the  life  of  the  disk  and  a  smaller  inspectlon-to-lnspectlon  usage 
estlmctiop  error.  Surprisingly,  the  smaller  Type  2  error  simulated  led  to 
slightly  lower  economic  returns  than  the  larger  Type  2  error.  This  apparent 
anomaly  (which,  detailed  checking  has  shown.  Is  not  due  to  any  analysis  error 
or  program  "bugs")  Is  believed  to  be  due  to  the  comp! ex  Interaction  of  the 
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Expected  RFC  Financial  Gain  per  Engine  {<%) 


CYCLE-COUNTING  ERR0« 


•Type  3  (random  factor-of- 
2.0  error  before  first 
inspection  and  identical 
constant  error  factor  for 
all  subsequent  inspections) 
{E-1  through  E-8} 

■Type  1  (random  factor-of- 
2.0  error  that  changes 
before  each  new  scheduled 
inspection) 

{E-158  through  E-160} 

A  Larger  Type  2  Error 
(random  factor-of-2.0 
error,  f ^ ,  before  first 
inspection;  random  factor- 
of-l.'ll  error,  f,  that 

iL.  -  -..A  ^  » kk.  ^ 

inspection  and  multiplies 
f. .  That  is,  the  total 
error  factor  is  f^f  v/here 
f  changes  every  inspection) 
{E-161  through  £-163) 

oSmaller  Type  2  Error 
(random  factor-of-1.41 
error,  f i ,  before  first 
inspection;  subsequent 
random  and  changing  factor- 
of-l.iy  error,  f,  for 
additional  inspections) 
{E-164  through  E-166> 


Figure  8-13  - 


Effect  of  Magnitude  and  Type  of  Cycle-tounting 
an  RFC  Benefits.  Error  Factors  are  Defined  in 
^ver«ges.  Specifically,  a  Factor  of  Two  Error 
Log(ii/N)  -  G^.'KO,  Log  2). 


Error  (fi  vs.  N) 
Terms  of  Log 
would  ^tean  that 


asgregately  anticonservatlve  usage  estimation  errors  with  the  highly  conser¬ 
vative  constraints  of  the  RFC  procedure. 

In  Figure  8-14,  the  vary  severe  Type  1  usage  estimation  error  Is 
examined  in  the  context  of  the  15,000-cycle,  rather  than  5,200-cycle,  engine. 
This  study  was  conducted  to  verify  that  the  high  frequency  of  inspections  was 
the  prime  reason  that  the  baseline  RFC  system  could  tolerate  these  extremely 
severe  cycle-counting  errors.  The  more  primitive  simulation  conducted  earlier 
in  this  project,  which  Involved  no  constraint  upon  the  maximum  Inspection 
interval,  produced  a  dramatic  loss  of  RFC  benefit  due  to  the  Type  1,  factor- 
of-two,  cycle-counting  errors.  In  Figure  8-14  this  devastating  effect  upon 
RFC  benefits  Is  again  demonstrated  v^ere  even  the  upper  curve  is  significantly 
lower  than  the  baseline  curve  of  Figure  8-lC  which  uses  the  Type  3  cycle¬ 
counting  error.  Thus,  with  no  statistical  updating,  the  Type  1  cycle-counting 
error  produces  an  out-of -control  failure  rate  If  iiyipection  Intervals  are  too 
Infrequent  and  if  engine  life  1s  much  greater  than  disk  design  life. 

The  probabilistic-update  procedure  was  also  simulated  for  this  huge 
cycle -counting  error  in  Figure  8-i4fi.  AllfiOujh  the  probabilistic-update  pro¬ 
cedure  certainly  and  dramatically  reduces  the  do#,’nside  risk  of  such  severe 
errors,  it  is  not  immune  to  large,  random  inconsistencies  In  usage  estimation. 
By  updating  more  frequently,  the  tolerance  to  such  errors  could  be  further 
increased,  but  the  results  suggest  that  large  usage-estimation  errors  should 
be  eliminated.  At  the  usually  optimum  specification  of  0.005  maximum  allow¬ 
able  failure  probability,  the  combined  poor  estimation  of  usage  and  lack  of 
constraint  on  maximum  inspection  interval  eliminate  most  of  the  benefits  of 
RFC.  However,  it  is  encouraging  to  note  that  for  the  more  probable  and  con¬ 
servative  use  of  a  O.OCil  (or  lower)  maximum  allowable  failure  probability,  the 
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Expected  RFC  Financial  Gain  per  Engine  {K$) 


■500-Cycle  Maximum 
Inspection  Interval 
{E-167  through  E-169} 

aNo  Constraint  on 
Maximum  Inspection 
Interval 

{E-170  through  E-172} 


1  2  3  4  5  6 

Cycle-Based  Safety  Factor,  SF 


Figure  8-U  -  Effect  on  Maximum  Inspection  Interval  Length  on  RFC 
Benefits  for  a  15000-Cycle  (Rather  Than  a  5200-Cycle) 
Engine  Subject  to  the  Most  Severe  Usage  Estimation 
Errors  Considered  (i.e.,  Type  I,  Factor-of-Two,  Cycle 
Counting  Errors). 


Expected  RFC  Gain  per  Engine  (K$) 


Maximum  Allowable 
failure  Probability,  Fcn«x 


■500-Cycle  Maximum  Inspection 
Inverval 

{E-175  through  E-175} 

aNo  Constraint  on  Maximum 
Inspection  Interval 
{E-176  through  E-178} 


Figure  8-14a  -  Effect  on  Maxi  ^ium  Inspection  Interval  Length  on 

Probabilistic-Update  RFC  Benefits  for  a  15000-Cycle 
(Rather  than  a  5300-Cycle)  Engine  Subject  to  the 
^st  Severe  Usage  Estimation  Errors  Considered 
(I.e.,  Type  1,  Factor-of-Two,  Cycle  Counting  Errors). 
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probabilistic-update  procedure  is  able  to  cope  with  the  lack  of  specific 
external  constraint  on  maximum  inspection  interval.  The  reason  for  this  is 
quite  simple,  the  low  failure  probability  specification  acts  as  an  implicit 
constraint  to  reduce  the  Inspection  Intervals  to  either  750  or  1500  cycles, 
and  it  avoids  the  high  failure  rates  associated  with  specifications  of  = 

O.U05  or  greater. 
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9,0  DEVELOPMENT  OF  A  TEST  PLAN  FOR  EXPERIMENTAL  RFC  VERIFICATION 

The  objective  of  this  task  was  twofold:  the  first  was  to  set  general 
goals  and  requirements  that  any  RFC  specimen  verification  program  (SVP)  with 
unlimited  funds  should  meet,  and  the  second  was  to  identify  through  simulation 
the  number  of  specimens  that  would  be  required.  Using  the  results  of  this 
task,  the  specific  SVP  for  the  project  was  designed  and  carried  out.  The 
details  of  the  specific  SVP  for  this  project  are  described. 

9.1  General  Goals  and  Requireaents  of  RFC  Speciaen  Verification  Prograa 

An  SVP  should  test  RFC  for  a  particular  component;  specifically,  in 
this  program  the  bolt  hole  of  the  TF-33  third  turbine  disk.  It  should,  to  the 
extent  practical,  realistically  model  the  important  factors  affecting  RFC  for 
that  component.  Where  this  is  impractical,  the  factors  should  be  bounded  such 
that  the  SVP  will  tend  to  underestimate  the  dollar  gain  from  RFC  (preferably 
only  a  small  underestimation).  Given  below  is  a  list  of  factors  that  affect 
the  viability  of  RFC  and  that  are  Important  to  duplicate  in  a  specimen  verifi¬ 
cation  program  of  the  subject  bolt  hole  location. 

(a)  The  ratio  of  mean  number  of  cycles  for  an  initiated  crack  to  propagate 
to  failure,  to  the  number  of  cycles  for  the  minimum  Inspection 
interval  {Nprop/Ninsp)^ 

(b)  Scatter  in  number  of  cycles  for  an  initiated  crack  to  propagate  to 
failure  sCNp^^p); 

(c)  The  probability  of  finding  a  crack  of  given  size  by  inspec¬ 
tion  [po  (a\a)]  ; 

(d)  The  ratio  of  number  of  cycles  for  propagation  to  number  of  cycles  for 
initiation  (Nprop/Hinit)^ 

(e)  The  scatter  in  number  of  cycles  for  initiation  s(N{n^^}; 
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(^)  %rop  vaHue; 

(g)  value. 

Major  testing  parameters  which  affect  the  above  factors  are  listed 

below: 

1.  Specimen  geometry  and  stress  gradient.  These  are  of  primary  Impor¬ 
tance.  The  geometry  of  the  Initiating  sites  and  the  stress  gradient 
around  them  should  be  accurately  modeled.  However,  the  speciiTien 
thickness  need  not  necessarily  be  the  same  as  for  the  actual  compo¬ 
nent,  although  this  would  probably  be  most  desirable. 

2.  Number  of  specimens.  As  a  minimum,  the  analyst  needs  sufficient 
specimens  to  distinguish  between  RFC  and  non-RFC  by  testing  statis¬ 
tically  the  hypothesis  that  RFC  benefits  are  positive.  Furthermore, 
there  should  be  sufficient  specimens  such  that  the  verification  pro¬ 
gram  will  apply  to  field  conditions,  given  reasonable  assumptions  on 
the  shape  of  the  probability  distributions  of  key  input  variables. 
Monts  Carle  computer  calculations  are  needed  to  determine  the  number 
of  specimens  required  and  some  preliminary  results  are  described  in 
Section  9.2. 

3.  Load  history/distribution.  It  should  be  practical  to  include  load 
history  and  distribution  variables  in  the  SVP,  provided  adequate 
information  relevant  to  service  conditions  can  be  obtained.  Cycle¬ 
counting  errors  could  be  simulated  here. 
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4.  Inspection  reliability /multi pie  initiation  sIteSo  The  SVP  can  be  used 
to  obtain  data  on  inspection  reliability.  The  program  should  be 
designed  to  represent  field  crack  characteristics  and  inspection  para¬ 
meters  and  conditions  as  far  as  is  practical.  The  effect  of  multiple 
potential  initiation  sites  in  reducing  the  importance  of  random 
inspection  errors  could  be  modeled  through  the  gang  rigging  of  several 
single-hole  specimens,  the  use  of  multiple  holes  in  some  specimens, 
and  the  computer. 

5.  Initial  flaws  and  inhomogeneities.  The  presence  of  these  may  have  an 
impact  on  the  scatter  in  cycles  to  initiation.  They  should  be 
included  in  the  SVP  as  far  as  is  practical;  e.g.,  through  worst-case 
notches  or  surface  preparation. 

6*  Dwell  times.  For  the  third  stage  disk  bolt  holes,  it  was  not  neces¬ 
sary  to  include  dwell  times  in  the  tests.  Short  dwell  times  could  be 
included  for  certain  components;  a  Judgement  must  be  made  on  the 
trade-off  between  dwell  time  and  numbers  of  specimens  tested  for  a 
given  component.  It  may  be  advisable  to  apply  a  factor  to  stress 
levels  and/or  massage  the  experimental  data  in  order  to  allow  for 
realistic  dwell  time  effects. 

7.  Temperature/environment  effects.  It  may  be  Important  to  include 
service  temperatures  and  temperature  variations  in  the  SVP.  Aside 
from  a  more  faithful  reproduction  of  fatigue  performance,  use  of 
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service  temperatures  might  be  needed  to  adequately  simulate  the 
cracks'  inspectability. 

8.  Gross  blunders.  Aside  from  the  worst -case  notches  being  considered 
for  Item  5  above,  blunders  should  not  be  included  directly  in  the 
SVP.  The  probability  of  failure  arising  from  gross  blunders  might 
simply  be  estimated,  simulated  on  the  computer,  and  added  into  the 
results  of  the  SVP  at  the  end. 

9.2  Required  Nunber  of  Specimens  for  SVP 

The  need  to  simulate  adequately  a  fleet  of  engines  and  the  worst-case 
tails  of  the  probability  distributions  of  key  variables  dictates  that  per- 
specimen  costs  for  the  SVP  be  minimized.  This  requirement  clearly  rules  out 
engine  testing,  spin  pit  testing,  and  ferris-wheel  testing  for  the  majority  of 
an  SVP. 


For  the  component  under  study,  specimens  with  one  or  more  holes 
meeting  the  requirements  of  Section  9.1  are  assumed.  The  number  of  specimens 
required  depends  on  how  far  down  the  tails  of  the  input  probability  distribu¬ 
tions  the  SVP  Intends  to  evaluate  and  on  the  results  of  the  computer  simula¬ 
tion  runs.  As  a  minimvim,  the  program  should  have  enough  specimens  to  distin¬ 
guish  between  RFC  and  non-RFC  economic  consequ<  re*.  This  is  equivalent  to 
testing  the  statistical  hypothesis  that  the  economic  gains  of  RFC  be  greater 
than  zero,  or  some  defined  minimum  level  to  make  RFC  "worth  the  trouble." 

If  RFC  is  to  work,  then  the  portion  of  failures  occurring  in  real  life 
will  be  very  small,  less  than  one  in  a  thousand.  With  only  a  few  score,  or  at 
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most,  a  few  hundred  "disks"  in  the  SVP,  it  Is  unlikely  to  see  any  "failures' 
if  field  failure  rates  are  specified.  Artificially  low  failure  consequences 
can  be  set,  so  as  to  get  some  "failure"  in  the  SVP.  However,  this  may  be  a 
source  of  unreal  Ism  because  the  test  results  will  not  be  controlled  by  the  far 
ends  of  the  tails  of  the  distributions,  and  it  is  these  far  ends  which  will 
control  failure  rates  in  actual  service.  One  way  around  this  problem  would  be 
to  test  more  specimens.  Specimens  representing  50,000  disks  would  be  a  good 
number,  but  impracticably  expensive.  A  second  wAy  around  this  problem  is  to 
attempt,  through  extensive  analysis  and  simalation,  to  construct  scenarios 
where  RFC  might  "pass"  a  1 1 mi ted -sped men  SVP  but  "fail"  a  field  application. 
Steps  can  then  be  taken  to  eliminate  or  rule  out  these  negative  scenarios  with 
a  better  SVP.  A  key  contribution  to  the  SVP  would  then  be  to  evaluate,  by 
Monte  Carlo  simulation,  how  many  specimens  are  required  so  that  the  verifica¬ 
tion  program  applies  to  field  conditions,  given  reasonable  assumptions  on  the 
shapes  of  the  Input  probability  distributions. 

In  Figures  9-1  through  9-3  {and  Tables  E-179  through  E-182)  the  first 
step  Is  taken  to  perform  this  analytical  simulation  support  for  the  test  pro- 
9r'd!Tu  The  PERFCT  SlinuldtIoriS  SunaTidriZ^  vy  tnvSe  flvUrCrS  and  tobleS  haVe  the 
following  modifications  relative  to  the  baseline  cases  discussed  In  detail  In 
Section  8: 

1.  The  cost  of  failure  has  been  specified  as  only  $15G,C00.  This  low 
level  would  produce  a  near-optimum  econotnlc  return  at  specified  anci 
actual  failure  probabilities  of  5%.  Thus,  this  new  test  program 
ground  rule  could  produce  a  very  successful  econonilc  result  with,  for 
example,  one  failure  In  20  specimens  or  5  failures  In  .100  specimens. 
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Figure  9-1  -  The  Effect  of  Test  Program  Size  Upon  Accuracy  of  Economic  Estimates  for  Two  RFC 
Procedures . 


Figure  9-2  -  The  Effect  of  Test  Program  Size  Upon  Accuracy  of  Economic  Estimates  for  Two  RFC 
Procedures. 
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Figure  9-3  -  The  Effect  of  Test  Program  Size  Upon  Accuracy  of  Economic  Estimates  for  Two  RFC 
Procedures, 


2 


No  constraint  has  been  placed  upon  maximum  Inspection  Interval;  the 
applied  Inspection  interval  Is  to  be  contputed  purely  from  the  speci¬ 
fied  safety  factor  or  allowable  failure  probability  and  with  no  upper 
limit. 

3.  No  constraint  has  been  placed  upon  the  value  of  a  .  .  the  crack  size 

fllaX 

at  which  a  specimen  must  be  retired. 

4.  In  all  cases,  1500  single  bolt  hole  specimen  test  units  are  simulated. 
A  test  unit  consists  of  the  (random)  number  of  replacement  specimens 
required  to  complete  the  5200  cycle  “engine"  life.  Since  it  is 
assumed  that  both  sides  of  the  hole  are  nominally  Identical,  the 
variable  NHOLE  Is  set  equal  to  2  in  the  program  PERFCT. 

Two  of  the  RFC  procedures  described  In  Table  7-2  were  each  applied 
with  two  different  specifications  of  optimum  safety  factor  or  maximum  allow¬ 
able  failure  probability  to  produce  the  study  summarized  In  Figures  9-1 
through  9-3,  The  RFC  gains,  IE,  detailed  in  Tables  E-X79  through  £-162,  are 
summarized  in  Table  9-1, 

One  of  the  output  parameters  of  PERFCT  is  Ejgoo*  estimate  of  the 
sampling  error  associated  with  the  1500-test  unit  simulation.  The  use  of  the 
+/-  symbol  in  Table  9-1  denotes  that  Ejjoo  Is^he  +/-  one-standard  deviation 
range  of  XI.  Clearly,  the  error  bands  associated  with  a  1500  unit  test  pro¬ 
gram  which  duplicates  the  simulations  would  be  .adequately  small  for  showing 
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that  all  four  RFC  procedures  produce  a  positive  test-pr09ram*  gain,  even  for 
+/"  three  standard  deviations.  However,  for  a  smaller  number  of  specimens  (n) 
In  the  test  program,  one  can  estimate  the  sampling  standard  deviation  (E^) 
froii.  che  above  table  with  the  equation 

E.  ■  ^1500  <«-»> 

The  upper  and  lower  bounds  associated  with  Equation  9-1  are  plotted  In  Figures 
9"i  through  9-3.  They  Indicate  that  as  few  as  20  units  (l.e.,  20  or  30  single 
hole  specimens)  would  probably  be  adequate  for  correctly  demonstrating  a 
positive  gain  on  any  of  the  considered  RFC  procedures. 

To  a  first. order,  one  might  also  estimate  the  number  of  specimen  test 
units  required  to  distinguish  the  optimum  among  RFC  procedures  as  the  abscissa 
point  where  the  lower  bound  of  the  more  economical  procedure  Intersects  with 
the  upper  bound  of  the  less  economical  procedure.  Such  an  estimate  would 
require  170,  400,  and  150  test  units  to  distinguish  between  the  RFC  procedure 
pairs  in  Figures  9-1.  9-2,  and  9-3,  respectively.  This  is  a  very  crude  sta¬ 
tistical  estimation  of  the  required  sample  size  since  it  neither  estimates  the 
probabilities  of  an  incorrect  conclusion  regarding  the  comparative  RFC  results 
nor  accounts  for  the  fact  that  all  RFC  procedures  are  applied  to  the  same 
group  of  specimens. 

A  more  appropriate  technique  would  be  to  simulate  for  a  test  program, 
for  example,  a  group  of  50  specimens  subjected  to  each  of  two  RFC  procedures 

*  A  recommended  more  thorough  study  would  compare  the  simulation  results  of 
the  test  program  with  corresponding  results  for  inservice  simulation. 
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(e.g..  Procedures  A  and  B).  The  same  s^:^lat1on  i^ould  then  be  applied  to  a 
second  group  of  50  simulated  specimens.  T<.e  applications  would  be  repeated 
for  each  of,  say,  100  or  more  groups  of  6tj  KpccimaMS  and  the  result  (i.e.. 
Procedure  A  is  better,  B  is  better,  or  A  ani!  B  are  essentially  identical) 
could  be  counted.  In  this  manner,  the  probability  of  reaching  an  incorrect 
conclusion  due  to  an  insufficient  number  of  test  specimens  could  be  calculated 
as  a  function  of  the  number  of  specimens. 


10.0  VERIFICATIOn  TFSTINe  PfiOGRAK  FOR  RETIREMENT  FOR  CAUSE 


An  experimental  RFC  verification  testing  program  has  been  conducted  to 
determine  whether  or  not  RFC  will  "work"  in  a  practical  situation.  The  over¬ 
all  effort  was  divided  into  two  categories  which  are  (1)  design  and  execution 
of  the  fatigue  testing  and  (2)  analysis  of  test  data  for  various  RFC  proce¬ 
dures. 

10.1  Fatigue  Experl laents 

Our  fatigue  testing  for  RFC  evaluation  and  verification  consisted  of 
six  tasks: 

1 

1.  specimen  design, 

2.  Selection  of  parameters  for  each  test  specimen, 

3.  Inspection  procedure  design  and  repeated  execution  during  the  testing 
of  each  specimen, 

4.  Execution  of  the  tests, 

5.  Reduction  of  the  inspection  results  so  as  to  estimate  crack  sizes  (a) 
for  analysis,  and 

6.  Reduction  of  fatigue  performance  and  inspection  data  for  RFC  analysis 
and  verification. 

10.1.1  Specimen  Design 

While  It  would  have  been  desirable  to  duplicate  all  of  the  TF33  third- 
stage  disk  bolt  hole  geometry,  this  could  not  be  accomplished,  given  the 
limitations  of  the  disk  geometry  from  which  the  specimens  were  cut  and  the 
load  capacity  of  FaAA's  testing  equipment.  Frcm  the  point  of  view  of  both 
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fatigue  and  inspection  performance,  the  most  important  difference  between  the 
specimen  and  third  stage  disk  bolt  hole  configurations  is  the  ratio  of  thick¬ 
ness  to  hole  diameter  which  is  1.37  for  the  disk  and  0.32  for  the  laboratory 
specimen.  Aside  from  specific  effects  on  the  fatigue  performance,  as  measured 
by  the  (a  versus  N)  curva,  the  major  qualitative  effect  of  this  thickness 
change  is  to  initiate  fatigue  cracks  from  the  corners  of  the  specimen  bolt 
hole  more  often  than  from  the  midthickness  location.  This  change  in  crack 
origin  is  primarily  due  to  the  reduction  in  the  plane  strain  conditions  and 
triaxia!  constraint  at  the  midthickness  of  the  disk.  Figure  10-1  provides  all 
specimen  dimensions  and  details.  Because  of  the  thin  web  in  these  disks,  FaAA 
could  not  maintain  a  plane  strain  field  around  the  bolt  hole  of  the  laboratory 
specimens  and  with  the  same  bolt  hole  diameter.  The  decision  was  therefore 
made  to  maintain  the  same  bolt  hole  diameter  in  an  attempt  to  keep  the  same 
inspection  reliability  for  the  laboratory  tests  as  previously  established  for 
the  high-resolution  inspection  on  the  disks.  As  a  result  of  this  decision, 
most  of  the  laboratory  cracks,  initiated  at  the  corners  of  the  bolt  holes. 
This  crack  initiation  location  did  not  dramatically  effect  the  Inspection 
results  because,  for  this  verification  program,  the  detection  of  large  cracks 
was  more  important  than  the  detection  of  small  cracks. 

10,1.2  Testing  Parameters 

Three  different  cyclic  stress  levels  were  employed  to  simulate  the 
verification  In  the  mission  cycle  that  might  be  encountered  in  the  field.  The 
nominal  gross  section  alternating  stress  levels  used  were  97.8  ksl.  105.9  ksi, 
and  119.4  ksi.  The  frequency  was  20  Hz  and  the  R-ratio  (R  ■  (^in/<fnax) 

0.06  for  the  entire  test  program.  These  bolt  holes  typically  operate  at  450*F 
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Specimen  Within  C.002  F.I.R. 
10-0.015  Chamfer  or.  Each  Surface 


Geometry  of  the  Bolt  Hole  Fatigue  Specimen 
(all  dimensions  .are  in  inches) 


In  the  engine  which  is  well  below  the  creep  region  for  this  nuiterlal.  In 
fact,  the  observed  fatigue  cracks  found  In  the  disk  bolt  holes  were  all  trans- 
granular.  FaAA  duplicated  the  transgranular  cracking  mode  In  the  laboratory 
at  room  temperature  and  therefore  chose  to  perform  the  entire  verification 
program  at  room  temperature. 

Three  specimens  were  ganged  in  series  for  each  mechanical  test  group. 
When  one  specimen  failed,  the  loading  train  was  shortened  and  testing  con¬ 
tinued.  All  specimens  were  periodically  removed  from  the  fatigue  machine  and 
Inspected  using  the  ed<(y  current  Inspection  system.  In  addition  to  the  eddy 
current  system  for  Inspection,  surface  replicas  were  taken  on  some  specimens 
as  a  means  of  confirming  that  the  Inspection  reliability  of  the  eddy  current 
system  used  for  this  verl f Icatlori  program  was  the  same  as  that  previously 
measured. 


10.1.3  Inspection 

Inspections  were  performed  on  each  fatigue  test  specimen.  Calibration 
of  the  system  was  routinely  perfopmed  using  several  specimens  that  were  par¬ 
tially  cracked  during  the  preliminary  stages  of  this  task.  The  Inspection 
system  contained  a  Reluxtrol  CREG  201  eddy  current  sensing  elements  a  Nortec 
NDT-15  Eddyscope,  and  a  Hewlett-Packard  dual  pen  strip  chart  recorder  for  ob¬ 
taining  permanent  inspection  records,  A  probe  frequency  of  5  MHz  was  used 
during  the  Inspection  procedures.  A  high  gain  of  40  and  high  sensitivity  out¬ 
put  levels  were  used  to  obtain  maximum  overall  sensitivity.  Indications  that 
were  greater  than  5%  of  the  standard  calibration  signal  were  reported  as 
fatigue  crack  indications. 
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The  probe  was  fixed  in  the  test  stand,  and  the  specimen  was  simul¬ 
taneously  rotated  and  advanced  past  the  sensing  element.  This  Is  opposite  to 
the  field  and  laboratory  testing  that  was  performed  earlier  In  this  program  on 
actual  disks.  The  current  system  is  simpler  for  laboratory  fatigue  specimens 
and  also  results  in  less  electrical  noise  on  the  inspection  signal.  The  rate 
of  specimen  advancement  was  0,025  Inch  per  revolution.  In  addition  to  the 
crack  Indication  signal,  the  specific  side  and  location  of  the  flaw  were  also 
recorded.  A  photograph  of  the  test  fixture  and  accompanying  electrical  equip¬ 
ment  is  shown  in  Figure  10-2. 

Replication  of  the  test  hole  surface  was  made  in  conjunction  with  the 
eddy  current  Inspection  for  a  small  number  of  Initial  specimens.  This  per¬ 
mitted  an  accurate  calibration  between  Inspection  signal  and  crack,  length 
along  the  hole  surface,  A  least-squares  regression  analysis  was  performed 
upon  these  data,  as  Illustrated  in  Figure  10-3,  to  obtain  the  relationship 
between  signal  amplitude  and  real  crack  size.  This  curve  has  the  identical 
functional  form  as  that  previously  reported  for  high* resolution  Inspections  of 
actual  disk  bolt  holes.  Note,  Figure  10-3  (1.e.,  specimens  191,  261,  or  28G), 
the  tendency  for  a  given  specimen  to  give  signals  that  are  either  consistently 
below,  above,  or  on  the  mean  trend  signal-versus-crack-size  curve,  over  Its 
entire  life  duration.  This  data  could  be  analyzed  In  greater  detail  at  a 
later  date  to  separate  the  effects  of  (1)  crack  growth  and  (2)  specimen-to- 
speclmen  variation  on  signal  size.  Having  established  through  data  regression 
the  best-fit  relationship  between  signal,  s,  and  inspection  size,  a,  this  a(s) 
equation  was  utilized  to  report  the  Inspection  results  for  each  specimen. 
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It  would  h.we  been  possible  to  work  without  the  explicit  Inspection 
crack  size  concept  and  simply  to  base  all  RFC  procedures  upon  allowable  signal 
size,  Sg.  However,  since  the  developed  RFC  procedures  use  crack  size  esti¬ 
mates,  a.  the  regression  relationship  was  used.  Use  of  Implicit  s,  rather 
than  explicit  a,  would  have  produced  few  differences  in  the  results  to  be 
reported  in  Section  10.2.  Replication  data  points,  a,  (presumably  more  accu¬ 
rate  than  the  inspection  amplitude  a{s)  in  characterizing  crack  size)  were  not 
used  as  input  to  the  RFC  procedures,  or  for  any  other  purpose  besides  the 
inspection-characterization  regression  in  Figure  10-3. 


10.1.4  Execution  of  the  Fatigue  Experiments 


All  specimens  were  cycled  on  the  MTS  machine  at  one  of  the  three 
stress  levels  cited  in  Section  10.1.2.  Inspections  were  perforiTjed  on  all 
specimens  at  intervals  based  on  both  the  stress  level  employed  and  the  results 
of  previous  inspections.  While  5  to  11  inspections  were  typically  accomp¬ 
lished  on  a  specimen,  some  specimens  experienced  fairly  rapid  failures  and  as 
a  result  were  inspected  only  two  or  three  times.  The  Interval  of  these  actual 
inspections  has  no  connection  with  the  method  for  simulating  RFC  inspection 
intervals  to  be  descrlbeu  in  Section  10.2. 


10.1.5  Fatigue  Specimen  Test  Results 

The  results  from  the  32  fatigue  specimens  is  given  in  Table  10-1.  The 
table  lists  the  actual  time  of  each  inspection,  N,  and  the  crack  length,  i, 
for  both  the  left  and  right  side  of  the  specimen  calculated  from  the 
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THE  MUnKR  OF  RFC  tRECXNEHS  IS  S2 


FOR  SPEC  «  t.  HXTH  It  TINE  RTS.  THE  NHAT/N  RATIO  IS  1.74764.  AND  THE  XMSPECTZOH  C  FAILURE  HISTORY  IS> 


FAILURE 

CYCUS  HEASUREO  LEFT  CRACK 

HEASUREO  RIKIT  CHACK 

4000. 

0.0089 

0.0 

BOOO. 

0.0225 

0.0 

5500. 

0.0300 

0.0 

6000. 

0.0550 

0.0150 

6500. 

0.0650 

0.0225 

yeor. 

e.OATS 

0.0300 

750;  . 

0.070C 

0.0400 

aoco. 

0.1225 

0.0500 

8500. 

0.1225 

0.0550 

9000. 

0.1275 

0.0725 

9500. 

0.2725 

0.2075 

9550. 

FAILURE 

POINT • 

N/A 

N/A  XNS« 

16690. 

1  9  TIME  RTS,  THE 

HHAT/N  RATIO  IS  1 . 

13798,  AND  THE  INSPECTION  C  FAZUSiE  HISTORY 

FAILURE 

CYCLES  HEASUREO  UFT  CRACK 

mASURED  RICHT  CRACK 

14006. 

0.0 

0.0655 

15000. 

0.0 

0.0075 

16500. 

o.ness 

0.0200 

10000. 

0.0200 

0.0225 

toooo. 

0.0315 

O.OSOO 

EE900. 

0.0425 

0.1050 

S4000. 

0.0525 

0.1560 

26009. 

C.1SS8 

0.2925 

26510. 

FAILURE 

POINT 1 

N/A 

N/A  xm* 

29940. 

1  6  TXHE  RTS,  THE  DMAT/M  RATIO  IS  0.' 

99331,  AND  THE  XMSPECTIOH  C  FAILURE  HISTORY 

FAILURE 

CYCLES  HEASUREO  UFT  CRACK 

HEASUREO  RISHT  CRACK 

4000. 

0.0 

0.0688 

4500. 

0.0073 

0.0147 

5000. 

0.0235 

0.0294 

5500. 

0.0646 

0.0588 

6009. 

6.2104 

0.1967 

6030. 

FAIUIRE 

POINT 1 

N/A 

N/A  HNS* 

5990. 

1  4  TIHE  RTS.  THE 

NHAT/H  RATIO  IS  0.93238,  AND  THE  UORECTZON  C  FAILURE  HISTORY 

FAILURE 

CYCLES  HEASUREO  UFT  CRACK 

HEA:  JREO  RX8NT  CRACK 

25000. 

0.0176 

0.0235 

30000. 

0.0508 

8.0279 

35000. 

0.t099 

0.1836 

30200. 

FAILURE 

POINT! 

N/A 

N/A  HN8« 

35617. 

Table  10-1  -  Complete  Results  of  Fatigue  Experiments  Specimen  Inspections. 
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FOP  SPEC  •  S.  HITH  5  TIME  PTS.  THE  NHAT/H  RATIO  2S  O.VMPP.-AKD  THE  INSPECTION  C  FAILURE  NZSTORT  I$> 
INSPECTION  OR  FAILURE  CYCLES  HEASUREO  LEFT  CRACK  LIEASUREO  RICHT  CRACK 


10000. 

0.0029 

o.ooas 

tsosio. 

o.flooa 

o.ooes 

15460. 

0.0102 

o.ooes 

16510. 

o.ottr 

o.ooeo 

175CO. 

0.035E 

0.0132 

EOOOO. 

0.t706 

0.0B23 

E2500. 

O.StS4 

0.1967 

22750. 

FAILURE  POINT 1  N/A 

N/A 

XNS>  E259I 

FOR  SPEC  t  i,  NITH  7  TINE  PTS.  TXE  M1AT/N  RATIO  IS  I.1SM1.  AND  THE  INSPECTION  C  FAILURE  HISTORY  ISi 
INSPECTION  OR  FAILURE  CYCLES  HEASUREO  LEFT  CTTACK  HEASUREO  RXCNT  CRACK 


25000. 

0.0 

o.ooss 

27500. 

0.0 

0.0764 

30009. 

0.0 

0.1316 

32S00. 

0.0 

0.1793 

35009. 

0.0132 

0.2314 

37500. 

0.0411 

0.2531 

39600. 

FAILURE  POINTi  N/A 

N/A 

KNSK  4S92I 

FOR  SPEC  S  7>  WITH  S  TINE  PTS.  THE  NHAT/N  RATIO  IS  I.S417e»  AND  THE  INSPECTION  C  FAILURE  HISIIIRY  ISt 


INSPECTION  OR  FAILURE  CYCLES  HEASUREO  lEFT  CRACK  HEASUREO  RIGHT  CRACK 


20000. 

0.0411 

0.0073 

21030. 

0.3646 

0.CS47 

225CC. 

0.0062 

0.0294 

25000. 

0.2140 

0.0646 

25360. 

FAILURE 

POINTi 

N/A 

N/A  XNS*‘  34029. 

FOR  SPEC  •  Of  NITH  6  TIHE 

PTS,  THE  WAT/H  RATIO  IS  1. 

17492,  A10  THE  INSPECTION  C  FAX  LIRE  HISTORY 

INSPECTION  OR  FAILURE  CYCLES  1 

HEASUREO  LEFT  CRACK 

KEASICIED  RIOKT  CRACK 

SSOO. 

0.0 

0-0117 

1  6000. 

9.0 

0.0294 

6500. 

0.0073 

0.0617 

7000. 

0.0176 

0.1099 

7500. 

0.0294 

0.1499 

7790. 

FAILURE 

POINT* 

N/A 

H/A  KHS»  Vi5S. 

FOR  SPEC  i  9,  WITH  10  TINE 

PTS,  THE  N1CAT/N  RATIO  IS  9.A3E43.  AND  THE  INSPECTION  C  FAILURE  HI5YC«r 

INSPECTION  OR  FAILURE  CTCUS  1 

HEASUREO  LEFT  CRACK 

NEASUREO  RIK  T  CRACK 

17500. 

0.0029 

0.0029 

29000. 

0.0044 

0.0044 

22500. 

0.0044 

0.0S44 

25009. 

0.0044 

0.0044 

27508. 

0.0161 

0.0098 

30000. 

o.osse 

C.0559 

3250D. 

0.0559 

0.IE29 

35000. 

0.1055 

0.2053 

37560. 

0.1960 

0.2791 

37520. 

FAXUY1E 

POINTI 

K/A 

N/A  KNS*  16225. 

Table  10-1  -  (continued) 
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FOR  SKC  «  10i  KITH  S  TITK  PTSi  THE  NHAT/t4  RATIO  IS  l.3S71At  AND  THE  INSPECTION  C  FAILURE  HISTORY  ISi 
INSPECTION  OR  FAILURE  CYCLES  WASUREO  LEFT  CRACK  ItCASUREO  RtOttT  CRACK 


Tseo. 

O.OMt 

o.e 

19000. 

0.0705 

0.0 

15500. 

0.11S5 

9.0 

15000. 

0.1700 

O.OIOA 

17090. 

PAIURtE  POINT*  N/A 

N/A 

FOR  i^EC  fit.  USTH  A  TIHE  PTSp  THE  NHAT/N  RATIO  IS  O.7SA0O.  AND  THE  INSPECTION  C  FAILURE  HISTORY  ISi 
INSPECTION  OU  FAXUIRE  CYCLES  HEASUREO  LEFT  CRACK  NEASUREO  RI6HT  CRACK 


Aoee. 

0.0 

0.0535 

4500. 

0.0 

O.OAIt 

5000, 

0.0073 

0.9793 

5330. 

FAILURE  POXNTi  N/A 

N/A 

WS*  A073. 

FOR  SPEC  t  IEp  with  A  TINE  PT&.  THE  N»(AT/N  RATIO  IS  O.TOtSE.  AND  THE  INSPECTION  C  FAILURE  HXSTOtY  I$i 
ZNSPCCnOH  OR  FAILURE  CYCLES  KEASIRED  LEFT  CitAU-*  NEASUREO  RIBHT  CRACK 


9«no. 

ism.  0.0117 
1109C.  0.070S 
11700.  FAILURE  POTNTi  N**A 


O.OEOS 

o.eoAS 

0.1055 

N/A  XNSa  SE55 


FOR  EPT.C  9  1^.  NX1H  A  TINE  PTS.  THE  HHAT/N  RATZC  IS  I.ATTES*  AND  THE  INSPECTION  t  FAILURE  HISTORY  IS> 

at!  rAsiURt  KtAsgsEc  rjtpr  crack  heasored  Rian  crack 


AOOO. 

0.0 

C.OAII 

5000. 

0.0535 

0.0900 

5.n<9. 

O.OAA1 

O.IAAA 

5910. 

FAILURE  POINT*  N/A 

N/A 

XMSa  9959. 

FOR  SPEC  •  IA»  HS.Y!!  A  Tm  PTUp  THE  WtAT/N  RATIO  IS  1.»A7e9>  AND  THE  INSPECTION  t  FAILURE  HISTORY  IS* 
VOPECriON  OR  F.ULURE  CYCLES  NEASUREO  LEFT  CRACK  HEAMED  RUSHT  CRACK 


im«.  O.OOTS  0.SS5B 

tmo.  0.9m  0.955S 

15000.  O.OEOA  0.1310 

■AVCIUK  BPtTtJT* 

fP'VRFRF*  «  W«0>«  «  rw  M  *W 


FOR  sTPSC  0  15>  tO-iH  S  TINE  PTSf  THE  IMAY/N  RATIO  IS  0.35091,  AM)  THE  INSPECTION  t  FAILURE  HISTORY  IS* 


XIOPCCTZCK  OR  FAILURE  CYCLES  NEASUREO  UFT  CRACK  HEASUREO  RISHT  CRACK 


17500. 

0.09SB 

0.0 

50000. 

0.1533 

0.0353 

S55C0. 

S.X0B3 

0.0052 

£5906. 

0.5053 

e.1SI9 

fiOOAC. 

FAILUHI  POINT*  li>'A 

N/A 

XNSa  SAVO. 


Table  10-1  -  (continued) 


FOR  S?EC  t  WITH  13  TltlE  PTS.  THE  NHAT/N  RATIO  IS  9.»t07S»  AND  THE  INSPECTION  C  FAILURE  HISTORT  ZSc 
IMSPCCriON  OR  failure  CTCLES  HEASUREO  LEFT  CRACK  HEASUREO  RIRHT  CRACK 


9000. 

0.0 

0.0117 

950(i. 

0.0 

0.0205 

10000. 

0.0 

0.0342 

10500. 

0.0 

0.0529 

11000. 

0.0 

0.0417 

11500. 

0.0 

0.0705 

12000. 

0.0117 

4.9925 

12500. 

0.0191 

0.1145 

13D00. 

0.0205 

4.1402 

13500. 

0.0235 

0.17S0 

14000. 

0.0323 

0.1947 

14500. 

0.0544 

0.2314 

14790. 

FAILURE 

POINT' 

N/A 

K/A 

1  4  TIHE 

PTS.  THE 

KHAT/N 

RATIO  IS 

1.49272.  AND  THE  INSPECTION 

FAILURE 

CYCLES  MEASURED  LEFT  CRACK 

MEASURED  RIGHT  CRACK 

17500. 

0.0 

0.0793 

20000. 

0.0 

0.0944 

22500. 

0.0294 

0.2401 

24110. 

FAILURE 

POINfi 

N/A 

N/A 

1  7  TIME 

PTS.  THE 

NKAT/H 

RATIO  IS 

1.41053,  AND  THE  INSPECTION 

FAILURE 

CTCLES  MEASURED  LEFT  CRACK 

MEASURED  RIGHT  CRACK 

eooo. 

0.0 

0.0176 

0.9 

fi , 0470 

9000 

0.0 

0.0793 

9500. 

0.0 

0.1012 

10000. 

0.0073 

0.1750 

10500. 

0.0352 

0.2097 

10990. 

FAILURb 

POINT  1 

N/A 

H/A 

1  9  TIME 

PTS,  THE 

NHAT/N  RATIO  IS 

3.02453,  AND  THE  INSPECTION 

FAILURE 

CYCLES  MEASURED  LEFT  CRACK 

MEASURED  PIGKT  CRACK 

5000. 

0.0 

0.0050 

5500. 

0.f» 

D.C054 

4000, 

0.0 

0.0049 

4500. 

C.O 

0.0174 

7000. 

0.0117 

0.0323 

7500. 

0.0244 

0.0529 

4000. 

0.0474 

0.0042 

«500. 

0.1923 

0.2053 

4710. 

FAILURE 

POINT' 

N/A 

N/A 

1  4  TIME 

;  PTS,  THE 

NHAT/H 

RATIO  IS 

2.23401,  AND  THE  INSPECTION 

FAILURE 

CYCLES  MEASURED  LEFT  CRACK 

MEASURED  RIGHT  CRA^ 

15000. 

0.0470 

0.0176 

17500. 

0.1012 

0.0705 

20000. 

0.1229 

0.1967 

22070. 

FAILURE 

POINT' 

N/A 

N/A 

)(NS«  1)991. 


XN3«  4061 1 . 


XNS*  17700. 


KNS*  t6344. 


XNS*  49301 . 


Table  10-1  -  (continued) 
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1  a  TIFIE 

PTS.  THE  FOUT/N  RATIO  XS  1. 

37602.  AND  THE  XNSPECTICtI  C 

FAILURE  HISTORY 

FAILURE 

CYCUS  HEASUREO  LEFT  CRACK 

HEASUREO  RIGHT  CRACK 

5000. 

0.0050 

0.0 

SSOO. 

0.0147 

0.0 

6000. 

0.0235 

0.0176 

6500. 

0.0499 

0.0176 

7000. 

0.0793 

0.0264 

7500. 

0.1105 

0.0470 

0000. 

0.1576 

0.0617 

0390. 

FAILURE  POINT'  N/A 

N/A 

KF»<  11552. 

1  S  TINE 

PTS.  THE  NHAT/N  RATIO  IS  1. 

59592,  AND  THE  INSPECTION  C 

FAILURE  HISTORY 

FAILURE 

CYCLES  HEASUREO  LEFT  CRACK 

HEASUREO  RIGHT  CRACK 

20000. 

0.0176 

0.0073 

22500. 

0.0646 

0.0147 

25000. 

0.1359 

0.0500 

2750C. 

0.2006 

0.2006 

27070. 

FAILURE  POINT'  N/A 

N/A 

XNSb  06470. 

FOR  SPEC  t  ES,  HITK  2  T:hE  FTS.  THE  NHAT/N  RATIO  XS  t.UTBS.  AND  THE  INSPECTION  C  FAXUJRE  HISTORY  XSi 
INSPECTION  OR  FAILURE  CYCLES  HEASUREO  LEFT  CRACK  MEASURED  RIGHT  CRACK 
7S00.  O.OOSS  0.M23 

90EO.  FAILURE  POIHTi  N/A  N/A  XNSs  21372. 


FOR  SPEC  9  2A>  WITH  4  TINE  PTSi  THE  HHAT/N  RATIO  IS  E.4330St  AND  THE  INSPECTION  C  FAZLME  HISTORY  I8» 
INSPECTION  OR  FAILURE  CYCLES  NEaSUREO  LEFT  CRACK  MEASURED  RICHT  CRACK 


15000.  o.oise 

i7soe.  o.oset 

20000.  0.1099 

22000.  FAILURE  POINT'  N/A 


0.0117 

0.0176 

0.0793 

N/A  HNS* 


POR  SPEC  «  E5.  HITH  0  TINE  PTS,  TNE  FOiAT/N  RATIO  IS  O.TOESS.  AND  THE  INSPECTION  C  FAILURE  KISTORY  IS> 


INSPECTION  OR  FAILURE  CYCLES  HEASUREO  LEFT  CRACK  HEASUREO  RXmT  CRACK 


Afinn 

M  A 

A  n 

osoo! 

oioui 

o!o 

9000. 

0.0529 

0.0 

9500. 

0.0550 

0.0 

10000. 

0.0676 

0.0 

10500. 

0.1012 

0.0 

11000. 

0.2010 

0.0 

11350. 

FAILURE  POINT'  N/A 

N/A 

FOR  SPEC  t  EG.  HITH  S  TXHE  PTSf  THE  FMAT/N  RATIO  IS  I.6I0S0.  AFO)  THE  XFOPECnOK  C  FAILURE  HISTORY  IS' 
inspection  OR  FAILURE  CYCLES  HEASUREO  LEFT  CRACK  KEASUtEO  RIGHT  CRACK 


12500. 

0.0 

15000. 

0.0 

17500. 

0.0 

20000. 

0.0 

21930. 

FAILURE  POINT'  1 

0.0029 

0.02S5 

0.0550 

0.1663 

N/A  XNS"  SSS60. 


Table  10-1  -  (continued) 
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FOR  SPEC  t  E7>  UXTN  S  TIME  PTS.  TIIE  NHAT/N  RATIO  IS  C.6960E,  AHD  THE  INSPECTXOK  C  FAILURE  HXSTORi  IS> 
INSPECTION  OP  FAILURE  CYCLES  MEASUREU  LEFT  CRACK  MEASUttD  RIRHT  CRACK 


10000.  0.0396 
15000.  0.t1S4 
15460.  FAILURE  POINT t  N/A 


0.0 

O.eSSE 

N/A 


KNS«  10760. 


FOR  SPEC  «  ES,  WITH  6  TXHE  PTS»  THE  NHAT/N  RATIO  IS  0.95790.  AND  THE  INSPECTION  C  FAILURE  HISTORY  ZSi 
INSPECTION  OR  FAILURE  CYCLES  MEASURED  LEFT  CRACK  MEASURED  RIGHT  CRACK 


5000. 

0.0 

0.0235 

5500. 

0.0 

0.0411 

6000. 

0.0 

0.0586 

6500. 

0.0 

0.1316 

7000. 

0.0264 

0.1489 

7270. 

FAILURE  POIKTt  N/A 

H/A 

7270.  FAILURE  POIKT<  N/A  H/A  XNS>  6964. 

FOR  SPEC  t  29.  MITH  5  TIME  PTS.  THE  NHAT/N  RATIO  IS  1.04550.  AND  THE  INSPECTION  C  FAILURE  HISTORY  ISi 
INSPECTION  OR  FAILURE  CYCLES  MEASURED  LEFT  CRACK  MEASURED  RIGHT  CRACK 


KN3<  25719. 


15000. 

0.0 

0.0044 

17500. 

o.osos 

0.0044 

20000. 

0.1099 

0.0147 

22500. 

0.1921 

0.0529 

24600. 

FAILURE  POINT!  N/A 

N/A 

FOR  SPEC  i  3v.  WITH  3  TIME  PTS.  THE  u*AT/H  BATIO  IS  0.94104.  AND  THE  INSPECTION  C  FAILURE  HISTORY  ZSi 
INSPECTION  OR  FAILURE  CYCLES  MEASURED  LEFT  CRACK  MEASURED  RIGHT  CRACK 


7500.  0.0050 
10000.  0.1316 
10500.  FAILURE  POINT i  N/A 


0.0793 

0.1619 

N/A 


KH3«  900'». 


FOR  SPEC  t  31,  HITH  4  TIME  PTS,  THE  NHAT/H  RATIO  IS  0.71117,  AND  THE  INSPECTION  t  FAILUSE  HISTORY  ISi 
INSPECTION  OR  FAILURE  CYCLES  MEASURED  LEFT  CRACK  MEASURED  RIGHT  CRACK 


10000.  0.0050 
15000.  0.1446 
16460.  0.1576 
16510.  FAILURE  POINTi  N/A 


0.0352 

0.1706 

0.1000 

H/A 


FOR  SPEC  0  32.  NITH  4  TIME  PTS,  THE  NHAT/H  RATIO  IS  0.92242,  AND  THE  INSPECTION  C  FAILURE  HISTORY  IS« 
INSPECTION  OR  FAILURE  CYCLES  MEASURED  LEFT  CRACK  MEASURED  RIGHT  CRACK 


10000.  0.0 

12500.  0.0 

15000.  0.0 

16150.  FAILURE  POIHTi  N/A 


0.1055 

0.1750 

0.2357 

N/A 


XNS«  14697. 


Figure  iO-1  -  (continued) 
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inspection  signal  and  the  regression  curve  in  Figure  10-3.  In  addition,  the 
actual  number  of  cycles  to  specimen  separation  is  given. 

Since  the  inspection  focused  on  the  crack  length  projected  on  the 
inner  diameter  of  the  bolt  hole,  failure  for  the  analytical  phase  of  this  ver¬ 
ification  program  has  been  defined  as  a  crack  across  the  entire  0.2-inch 
specimen  thickness;  i.e.,  a  =  0.2  inch  denotes  a  failure.  The  values  given 
in  Table  10-1  represent  complete  rupture  of  the  specimen.  However,  this  incon¬ 
sistency  in  the  failure  point  definition  is  negligible  since,  on  average,  the 
time  to  rupture  was  equal  to  1.06  of  the  time  for  the  crack  to  reach  0.2  Inch 
and,  at  most,  the  time  to  rupture  was  1.16  of  the  time  to  produce  a  »  0,2 
inch. 


In  order  to  simulate  cycle-counting  errors  similar  to  those  investi¬ 
gated  in  the  TF-33  fleet  analysis,  the  actual  number  of  specimen  fatigue 
cycles  as  multiplied  by  a  number  which  could  vary  between  0.32602  and  3.02453. 
The  specific  number  for  each  of  the  32  specimens  is  given  in  Table  10-1  as  the 
NHAT/H  ratio.  The  procedure  was  to  choose  values  randomly  between  these  two 
limits  and  to  maintain  this  N/N  ratio  for  the  life  of  the  specinrn.  The 
perceived  time  to  rupture  for  each  specimen,  ■  XNS,  is  also  given  within 
Table  10-1.  It  was  verified  that  the  probability  distribution  of  the 
values,  which  ranged  from  a  low  of  4032  cycles  for  specimen  number  7  to  a  high 
of  53,274  cycles  for  specimen  16,  reproduceid  the  probability  distribution 
previously  determined  for  the  TF-33  disk  population  we  Inspected.  It  should 
be  noted  that  reasonable  agreement  between  Investigated  PD(N)  distributions  Is 
somewhat  fortuitous  due  to  the  small  sample  of  specimens  subjected  to  this 
cycle-counting  simulation  procedure.  Thus,  the  program  PERFCT  was  used  to 
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simulate  a  much  larger  fleet  of  specimens,  namely  1000,  to  Insure  that  the 
overall  scatter  of  P0(N)  is  in  fact  in  agreement  with  the  TF-33  probability 
distribution.  The  N  values  are  used  for  the  specimens  throughout  the  simula¬ 
tion  study  which  follows  in  Section  10,2,  with  the  exception  of  one  series  of 
computer  runs  in  which  actual  N  data  was  input  into  the  RFC  procedure  to 
determine  the  effect  of  cycle-counting  errors  for  the  small  32-specimen  popu¬ 
lation, 

10.2  Analysis  Of  Fatigue  Experlnents  For  RFC  Verification 

Two  major  tasks  were  performed  to  test  and  analytically  evaluate 
several  RFC  procedures  for  the  specimen  data  generated  in  Section  1C,1.  The 
first  task  was  the  creation  of  software  to  execute  the  various  RFC  procedures 
using  real  fatigue  data,  instead  of  Monte  Carlo  simulated  data  as  with  the 
PERFCT  program.  The  second  part  of  the  effort  was  to  actually  execute  the 
analysis  using  the  various  RFC  procedures  with  the  new  software. 

10.2.1  Software  Development 

In  order  to  take  advantage  of  the  many  improvements  to  computer 
program  PERFCT  developed  on  a  related  FaAA  project  1|4],  the  computer  program 
PERFCT. VER2  was  used  as  a  starting  point.  All  software  changes  to  produce 
PERFCT, VER2  from  PERFCT, VERl  are  documented  in  Reference  4.  The  major  reason 
for  using  PERFCT. VER2  is  the  improved  ability  to  characterize  any  crack  propa¬ 
gation  behavior  or  prediction  through  tabular  input  of  the  (a  versus  N)  curve 
or  data. 
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The  procedure  actually  used  to  input  a  life  prediction  to  all  RFC 
procedures  Is  shown  in  Figure  10-4.  Curve  A  was  based  upon  the  first  specimen 
tested  which  was  used  to  simulate  a  laboratory  test  program  that  might  be  con¬ 
ducted  before  hardware  was  introduced  to  service.  Plotted  ss  a  dashed  line  on 
the  same  figure,  curve  B,  is  the  average  of  several  specimens  that  were  tested 
at  the  median  alternating  stress  level,  Ao  =  105.9  ksi.  As  one  can  see,  the 
curve  employed  for  most  of  the  RFC  evaluation  was,  by  chance,  too  optimistic, 
such  that  it  adds  an  anti -conservative  element  to  the  RFC  procedure.  Curve  C, 
to  the  left,  represents  the  poorest  fatigue  performance  of  the  specimens 
tested  at  Aa  =  105.9  cr  119.4  ksi.  It  v*as  employed  in  a  limited  sensitivity 
study  to  determine  the  impact  of  using  a  different  life  prediction  on  the  RFC 
procedure  results.  The  two  solid  curves  in  Figure  10-4  were  accurately  input 
in  tabular  form  to  PERFCT.VER2  by  discretizing  them  into  many  piecewise  linear 
segments.  This  RFC  verification  software  program  is  called  PERVERT  (probabil¬ 
istic  wgineering  jretirement  f  cause  verification  tester). 


In  addition  to  the  four  procedures  outlined  in  Table  7-2  and  repeated 
In  this  section  for  convenience,  as  shown  in  Table  10-2,  a  more  primitive  RFC 
procedure  reflecting  an  unalterable  maximum  allowable  flaw  size  criterion  Is 


employed.  Specifically,  Inspection  intervals  are  set  at  a  constant  value,  in 
this  case  XNMIN  equals  1000  cycles  and  if  a  perceived  flaw  size  a  greater  than 


the  allowable  of  a^  the  specimen  is  rejected  by  the  RFC  procedure.  Otherwise, 
the  specimen  is  accepted.  There  Is  no  limit  on  the  maximum  allowable  crack 
size  used  for  procedures  RFC  1  through  RFC  4  (the  primitive  procedure  is 
numbered  RFC  0).  There  is  no  provision  for  replacing  specimens  as  there  is 
for  replacing  disks  within  an  engine.  Each  specimen  Is  run  until  it  is 
rejected  or  fails.  As  will  be  seen  below,  the  RFC  procedure  is  given  credit 
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Allowable-Life-Extension  Estimation  Method 
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for  using  as  much  of  the  fife  of  the  specimen  as  is  possible  without  causing  a 
failure;  failure  is  defined  as  a  crack  all  the  way  across  the  thickness  at  the 
inner  diameter  of  the  hole,  a  *  0.2  inches. 

The  complex  cost  dlgoritl<ms  used  to  evaluate  TF-33  and  T-lOO  proce¬ 
dures  iiave  been  replaced  with  a  much  simpler  algorithr;.  This  simple  algorithm 
reflects  the  f»ct  that  there  is  no  specimen  replacement  or  repair  simulated  so 
ttiat  the  only  two  costs  are  inspection  and  average  failure  cost.  The  cost  to 
inspect  a  specinjen  was  set  at  $10^0  and  the  average  specimen  failure  cost  was 
set  at  $100,000.  As  discussed  in  Section  the  failure  cost  has  been  set 

artificially  low  in  order  to  encourage  RFC  procedures  which  can  result  in 
failure  rates  on  the  order  of  1  or  2  in  the  32-specimeri  population. 

The  last  item  was  to  Si.t  the  maximum  useful  life  of  the  specimens  and 
the  design  life  of  the  specimens.  For  this  RFC  verification  testing,  the 
specimen  design  life  (OL)  was  set  at  2000  cycles  and  the  maxirrium  useful  life 
(Q)  was  set  dt  5S,000  cycles.  This  latter  value  is  effectively  infinite  in 
that  it  exceeds  the  maximum  actual  life  of  every  specimen.  Therefore,  no  RFC 
procedure  was  able  to  retire  a  specimen  on  the  basis  that  its  life  had  been 

iiCc^/4  '  in 


As  was  done  previously  for  the  fleet  simulation,  these  32  specimens 
were  divided  into  4  groups  of  8.  The  starting  time  for  each  specimen  group 
MS  then  staggered  to  permit  tne  program  PERVERT  to  learn  from  the  past 
fleet's  perforaance.  The  first  group  was  started  at  time  0,  the  second  group 
UgS  startl'd  et  4000  cycles,  the  third  group  was  started  at  8000  cycles,  and 
the  fourth  group  was  started  at  12,000  cycles. 
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10.2.2  RFC  Procedure  Results  and  Verifications 


The  raw  experimental  data  or  Table  10-]  were  input  to  the  program 
PERVERT  to  test  the  five  RFC  Procedures,  0  through  4.  Major  results  of  these 
simulations  are  tabulated  in  the  remainder  of  this  section. 


Primitive  RFC  Procedure  (No.  <;).  Table  10-3  shows  the  effect  of 
changing  the  allowable  flaw  size  as  part  of  the  primitive  RFC  Procedure  0. 
The  table  shows  that  more  than  half  of  the  total  available  RFC  cycles  are 
obtained  from  the  specimen  population,  before  the  first  failure  is  encoun¬ 
tered.  Note  that  since  this  primitive  RFC  procedure  involves  only  a  maximum 
allowable  flaw  size  criterion,  the  over-estimation  of  the  crack  growth  life 
associated  with  the  curves  in  Figure  19-4  plays  no  direct  part.  Thus,  the 
table  simply  reflects  that  specification  of  an  allowable  flaw  size  somewhere 
between  20  and  50  mils  would  result  in  optimum  performance  for  the  small  RFC 
verification  specimen  population. 


RFC  Procedure  No.  I;  Constant  Safety  Factor  and  Crack  Growth  Rate 
Prediction.  Results  of  applying  RFC  Procedure  No.  1  with  an  overly  optimistic 
and  unadjustable  crack  growth  rate  prediction  are  summarized  in  Table  10-4, 


Failures  are  encountered  even  with  a  life-base  safety  factor  of  10.  An  unrea¬ 
listically  high  life-base  safety  factor  of  7  is  required  t.o  optimize  RFC 
costs-per-cycle,  under  the  assumed  ratio  of  inspection  and  failure  costs.  For 
safety  factors  of  4  and  5,  which  are  usually  quite  reasonable,  6  and  5  fail¬ 
ures  were  suffered,  respectively,  of  the  32-spec1men  populftion;  this  clearly 
shows  the  effect  of  the  unaltercble  anti -conservative  life  predictions  used  in 
RFC  Procedure  No.  1, 


RFC  Procedure  No.  2;  Constant  Safety  Factor  w1t!i  Adjustable  Life 
Prediction.  Dramatic  improvement  occurred  using  RFC  Procedure  Mo,  2  to  alter 
the  life  prediction,  on  a  specimen-by-spec1men  basis^  according  to  the  per¬ 
ceived  inspection  site,  a  is  shown  in  Table  10-5,  While  unreasonably  high 
safety  factors  of  7  to  10  are  required  to  eliminate  failures  and  optimize  the 
RFC  procedure  costs,  the  safety  factors  of  4  and  5  result  in  much  better  per¬ 
formance  than  with  RFC  Procedure  No.  1.  Under  the  assumed  cost  constraints, 
the  0.79  cent  per  cycle  result  for  this  RFC  procedure  has  turned  out  to  be  the 
best  result  obtained  for  any  RFC  procedure  and  parametric  specification 

employed  in  this  study.  The  attainment  of  77%  of  the  maximum  possible  life  of 
the  specimen  population,  while  encountering  only  a  single  failure,  appears  to 
be  a  very  impressive  performance.  Equally  impressive  is  the  result  undi^r  a 
safety  factor  of  10  in  which  71%  of  the  total  available  life  of  the  specimen 
population  was  obtained  without  failure. 

RFC  Procedure  No.  3;  Constant  Life  Prediction  with  Probabilistic 

Update  on  Return-to-Service  Intervals.  Improvement  of  incorporating  proba¬ 
bilistic  update  procedures  into  the  RFC  Procedure  No,  1  is  indicated  in  Table 
10-6.  Specified  maximum  allowable  failure  probabilities  of  O.Oi  to  0,02 

represent  optimum  performance  although  the  overall  levels  achieved  appear  to 
be  inferior  to  those  due  to  the  deterministic  adjustment  to  the  life  predic¬ 
tion  algorithm  shown  in  Table  10-5.  While  no  definitive  conclusions  can  be 
made  because  of  the  small  RFC  verification  specimeni  population,  a  proba¬ 
bilistic  update  procedure  could  be  improved  well  beyond  the  current  level 

achieved  by  reducing  the  overprediction  of  residual  life  that  results  under 
low  failure  costs  and  high  failure  r^tes  on  the  order  of  0,01  for  a  return  to 
service  interval  are  tolerable. 
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RFC  Procedure  No.  4:  Adjustable  Life  Prediction  and  Probabilistic 
Update  Both  Included.  Results  of  employing  what  is  nominally  the  most 
advanced  RFC  procedure  are  documented  in  Table  10-7.  There  are  essentially  no 
significant  differences  between  the  results  of  Tables  10-6  ana  10-7  which 
indicates  that  the  two  positive  updating  benefits  of  altering  tne  life  predic¬ 
tion  on  a  specimen-by-specimen  and  probabilistic  updates  of  fleet  performance 
as  a  whole  are  not  synergistic  in  the  current  application.  Recall  from  the 
TF-33  study  that  much  more  synergism  was  apparent  in  that  RFC  Procedure  No,  4 
was  capable  of  resisting  very  large  life  predictions  and  cycle  counting 
errors.  Again,  the  lack  of  synergism  in  the  verification  population  is 
believed  due  to  the  current  probabilistic  update  procedure  ana  the  presence  of 
sntall  fleets  with  high  failure  rates. 

Effect  of  Eliminating  Cycle  Counting  Errors  with  RFC  Procedure  No.  4. 
In  comparing  Tables  10-7  and  10-8,  we  note  little  or  no  Improvement  associated 
with  removing  the  cycle  counting  errors.  Based  upon  the  extensive  investiga¬ 
tion  showing  large  effects  of  cycle  counting  errors  on  the  TF-33  large  fleets 
with  low  failure  rates,  it  is  clear  that  the  RFC  verification  population  was 
too  small  to  bring  out  the  worst  features  of  large  cycle  counting  errors. 

Limiting  the  Maximum  Allowable  Return  to  Service  Interval.  In 
Tables  10-9  and  10-10,  RFC  Procedure  Ho,  4  is  investigated  for  finite  values 
of  XNMAX,  the  naximum  allowable  return  to  service  interval.  In  comparing 
Tobies  10-9  with  10-7,  the  imposition  of  XNMAX  »  1000  cycles  is  restrictive 
enough  to  produce  slightly  higher  optimum  costs.  However,  the  lack  of  fail¬ 
ures  for  all  values  of  Fj  less  than  or  equal  to  0.05,  indicates  that  this 
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imposition  results  in  a  more  forgiving  RFC  procedure  and  a  "flatter  curve"  of 
RFC  costs  versus  F^. 

Table  10-10,  with  its  maximum  Inspection  interval  of  2000  cycles, 
appears  to  improve  the  RFC  Procedure  No.  4.  This  can  be  seen  by  comparing  the 
RFC  costs  per  cycle  in  Tables  10-10  and  10-7.  Since  an  optimum  probabilistic 
update  procedu'‘e  should  utilize  maximum  flexibility,  the  fact  that  restric¬ 
tions  of  the  inspection  interval  improved  performance  indicates  that  the 
probabilistic  update  RFC  procedures  used  herein  can  be  improved. 

10.2.3  Discussion  of  Results 

The  comparisons  made  in  Section  10.2.2  indicate  that,  especially  under 
such  unfavorable  conditions  as  an  overly  optimistic  initial  life  prediction, 
deterministic  or  probabilistic  update,  combined  with  enough  flexibility  in  the 
RFC  procedure  to  respond  to  field  problems,  can  have  a  marked  improvement  on 
the  performance  of  the  RFC  system.  The  fact  that  the  probabilistic  procedure 
did  not  out  perform  the  deterministic  update  procedure  is  not  considered  sig¬ 
nificant,  but  rather  is  an  artifact  of  employing  a  procedure  designed  for 
large,  low  failure  rate  fleets  to  a  small  high  failure  rate  specimen  popula¬ 
tion.  Some  further  studies  have  verified  this  belief  by  indicating  that  the 
population  size  of  32  was  not  enough  to  permit  substantial  improvement  of  the 
probabilistic  update  results  with  either  more  (1)  lead-the-fleet  cycles,  *• 
(2)  accuracy  in  the  initial  life  prediction  (a  versus  N)  curve. 

It  is  verified  by  the  RFC  verification  tests  that  RFC,  with  some 
reasonable  feedback  and  updating  flexibility,  can  be  successful  for  making 
return-to-service  decisions  for  components  similar  to  the  TF-33  third  stage 
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turbin«»  disk.  This  RFC  verification  test  evaluation  indicates  tnat  the  proba¬ 
bilistic  update  procedures  developed  herein  can  be  further  improved;  it  is 
also  clear  that  such  improvements  cannot  be  accurately  verified  using  small 
specimen  populations,  but  will  require  svTiulation  of  large  fleets  and  actual 
field  experience  to  truly  evaluate  optimized  RFC  systems  designed  for  large. 
low-faMure  rate  fleets. 
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11.0  CONCLUSIONS 


•  The  inspection  reliabilty  of  three  eddy  current  inspections  has  been 
determined  and  found  to  be  adequate  for  an  RFC  procedure  whose  critical 
crack  size  is  similar  to  the  bolt  holes  In  the  TF-33  third  stage  disk. 

•  The  preinspection  material  quality  can  be  determined  through  analysis  of 
non  destructive  inspection  results. 

•  Large  potential  cost  savings  have  been  demonstrated  through  RFC  simula¬ 
tion  and  verified  by  laboratory  testing. 

•  Four  RFC  procedures  have  been  developed,  tested  using  Monte  Carlo  simu¬ 
lation,  and  shown  to  result  in  cost  savings. 

•  Sensitivity  analyses  with  Monte  Carlo  simulations  sho^'  that  the  optimum 
RFC  procedure  should  include  both  a  specific  component  feedback  and 
rejection  decision  update  capability. 

•  The  laboratory  verification  test  program  has  demonstrated  that  a  variety 
of  RFC  procedures  are  very  cost  effective. 
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APPENDIX  A 


A  BRIEF  IKIROOUCTION  TO 
MONTE  CARLO  SIMULATION 


Monte  Carlo  simulation  is  a  method  for  solving  complicated  technical 
probability  problems,  such  as  the  evaluation  of  a  Retirement -For 'Cause 

procedure  in  the  face  of  systen-^tic  errors  and  random  variation  and  uncertain¬ 
ties  of  processed  data,  which  cannot  be  solved  directly  without  questionable 
approximations.  In  a  Monte  Carlo  solution,  the  given  problem  is  replaced  by  a 
mathematical  or  engineering  model  y  =  f(x^*;a^)  which  can  be  solved  nuiTier- 

icaliy.  This  engineering  model  is  called  a  simc'/ation,  the  are  variables 
and  the  are  constants.  Many  of  the  engineering  parameters  of  the  problem 
are  random  variables.  In  the  simulation,  the  random  variables  X  are  repre¬ 
sented  not  by  single-point  typical  or  worst-case  values  but  by  specific 

/'iiitstil  3 f  ^ UA  -Hli cih ri Knf  < A  ualtIA  i-i, 

L<iwv«  .  ..<»  ...  .w— 

by  choosing  a  number  at  random  from  its  corresponding  distribution.  Figure 
A-1  shows  the  procedure  for  selecting  each  Xj  at  random.  Each  set  of  values, 
when  substituted  into  y  ~  f(x^;  a^)  determiies  an  answer  Y  {one  data  point) 
used  to  help  estimate  F(y),  the  desired  probability  distribution  of  the 
dependent  variable.  This  single  data  point  constitutes  one  trial.  Accurate 

« .  1  1  4  Am  Ka  Mn  %  lav»/iA  vuiw-aKa^ 

VI  •  Vjy  WM  Vi/I#u  •  filivn  »  VI  'm  i  V  i  %■»  Jfv.  t  imiiimvi  w  •  v »  i  %*  •  v 

with  the  aid  of  a  computer.  In  suffift>a»y,  Monte  Carlo  simulation  is  an 

artificial  generation  of  a  statistical  sample  of  Y,  which  in  this  case  repre¬ 
sents,  first,  failure  times  or  ages  a  disk  population  and,  second,  the 
outcome  of  events  and  financial  louses  and  gains  of  the  RFC  procedure  under 
investigation,  In  order  to  cal  col  at  a  thjse  RFC  gains,  it  Is  necessary  to 
embed  software  to  simulate  all  aspects  of  actual  and  estimated  fatigue  perfor- 


Linear  Scale 


PD(xO  Wei  bull 
Distribution 


Unifornt  Distribution:  Any  valuf- 
of  "u"  between  0  and  1  has  an 
equal  probability  of  being 
s^ilected. 


1-  Use  uniform  distribution  random-number  generator  to  select  a  value  of  "u" 
(e.g. ,  u  =  0.795) 

2.  Enter  cumulative  distribution  scale  at  u  where  u  =  PD{xj(u)) 

I 

3.  Using  the  piecewise  Weibull  interpolation,  calculate  x,  where  x  =  x^-(u) 

For  the  example  shown  above,  P(x^  <  x)  =  0.793.  In  general, 

P(x.  <  x)  =  P(x^  <  x^(u))  =  PD(x^.(u))  =  u 


Figure  A-1  -  Monte  Carlo  Simulation  Procedure  Used  to  Select  a  Value  of  One 
of  the  Input  Random  Variables,  x^. 


nance  of  each  hole  in  each  disk  within  the  Monte  Carlo  simulation  computer 
program.  Each  trial  yields  an  RFC  gain  or  loss;  enough  trials  yield  a  prob¬ 
ability  distribution,  with  the  desired  scope  and  accuracy,  of  the  average  RFC 
gain,  U, 


The  Monte  Carlo  method  is  a  brute  force  numerical  approach  which  has 
essentially  no  limitations  with  regard  to  the  complexity  and  scope  of  the 
problems  it  can  attack.  The  method's  major  drawback  is  that  an  extremely 
large  amount  of  computer  programming  and  execution  time  and  cost  may  be  neces¬ 
sary  to  generate  enough  samples  of  Y  to  obtain  the  desired  accuracy  at  the 
upper  and  lower  portions  (tails)  of  the  probability  distributions.  To  summa¬ 
rize  with  a  reasonable  analogy,  the  Monte  Carlo  method  is  to  probabilistic 
analysis  what  the  Finite  Element  method  is  to  stress  anaiysiso 
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APPENDIX  C 

DETAILS  OF  THE  PROBABILISTIC-  OR 
STATISTICAL-UPDATE  ANALYSIS  OF  THE  FLEET 

It  is  anticipated  that  for  most  components,  the  design  and  RFC  analyses 
will  be  accurate  enough  to  be  used  throughout  the  life  of  the  fleet  and  not 
require  major  changes.  However,  given  the  complexity  of  the  physical  phenom¬ 
ena  Involved  (such  as  fatigue  crack  growth  and  Initiation)  and  the  procedures 
themselves  (with  varying  degrees  of  inspection  uncertainty  and  complex  con¬ 
straints),  occasional  surprises  will  occur.  To  prepare  for  these  inevitable 
problems  (and  also,  for  trouble-free  components,  to  allow  for  gradual  relaxa¬ 
tion  of  the  usually  conservative  procedures  as  field  data  become  available)  a 
nearly-continuous  statistical  update  of  the  RFC  procedure,  based  on  field 
performance,  is  desireable.  For  the  current  studies,  such  a  procedure  has 
been  developed.  While  the  procedure  does  not  consider  every  aspect  of  the 
overall  RFC  problem  for  a  multi -component  and  multi -failure-mode  engine,  it 
captures  the  major  characteristics  of  an  effective  statistical  feedback  loop 
based  upon  field  performance. 

The  developed  procedure  is  a  trade-off  between  (1)  providing  effective 
feedback  into  the  RFC  decision-making  algorithm  and  (2)  providing  enough 
simplicity  to  allow  development,  software  incorporation,  and  detailed  evalua¬ 
tion  within  the  limitations  of  these  studies.  The  major  capabilities  and 
limitations  are  listed  in  Appendix  B  in  the  comment  cards  of  the  applicable 
PERFCT  computer  program. 

Figure  C-1  was  previously  described  in  the  text  (Figure  7-6)  and  is 
reproduced  here  for  convenience.  It  Illustrates  the  major  aspects  of  the 
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Figure  C-1  -  Schematic  Guide  to  Procedure  for 

Setting  Maximum  Time  (t?)  to  Next  RFC 
Inspection.  Past  Experience,  Field 
Failures,  and  Successes  are  Used  to 
Estimate  a  and  0  and  to  Continually 
Update  These  Estimates.  Then,  at  any 
Given  Time,  with  Known  a,  B,  t^,  tp, 
and  Maximum  Allowable  Failure 
Probability  Fc^g^*  we  can  Calculate 
(’■ji  t?)  Graphically  as  Above,  or 
from  Eq.  (7-17b). 
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statistical  update  procedure.  A  two-parameter  Weibull  distribution  is  used  to 
characterize  the  field  performance  data.  This  distribution  was  chosen  mainly 
for  Its  ease  of  mathematlct',1  application  to  the  problem  and,  in  part,  based 
upon  its  traditional  use  to  model  certain  fatigue  processes.  However, 
sensitivity  studies  Indicate  that  any  reasonable  two-parameter  distribution, 
used  in  the  same  way  as  the  Weibull  distribution  is  herein,  will  provide  very 
similar  results  since  two-parameters  are  quite  adequate  to  fit  a  probability 
distribution,  such  as  shown  in  Figure  C-1,  to  mainly  "success  data"  and  very 
few  failures. 

One  qualification  for  the  utilized  two-parameter  Waibull  distribution 
is  that  it  "overreacts"  if  high-time  outliers  are  present  in  the  set  of  fa¬ 
tigue  data  under  analysis.  This  problem  is  illustrated  in  detail  in  Reference 
(8).  This  outlier  problem  can  not  impact  the  typical  RFC  procedure  adversely 
since  the  outliers  must  occur  at  values  of  r  (»  actual /predicted  times  to 
failure)  much  greater  than  1.  This  implies  the  use  of  life-based  safety 
factors  significantly  less  than  1,  an  absurd  practice  for  life  extension 
decisions  of  critical  components.  A  second  and  more  important  qualification 
of  the  Weibull  distribution  is  that  it  permits  only  monotonic  changes  in 
failure  rate  with  time  A(t).  Thus,  the  bathtub  curve  in  Figure  7-7  cannot  be 
modeled  with  the  Weibull  model.  More  complex  models  can  be  used  but  It  would 
be  helpful  to  transform  them  into  a  "Weibull -like"  equation  to  allow  use  of 
the  simplified  procedures  described  next. 

The  two-parameter  Weibull  distribution  is  expressed  as 


F(r)  -  1  -  expC-(r/e)®];  r,a,e  >  0 


(C-1) 


where  F  is  the  unconditional  cumulative  failure  probability  of  a  component 
before  age  t,  where  t  =  rtp.  tp  and  r  are  defined  in  Figure  C-1  as  the 
predicted  time  to  failure  after  inspection  and  as  the  ratio  of  allowable  (or 
actual)  to  predicted  life,  a  is  the  shape-  or  scatter-parameter  which  is 
related  to  the  standard  deviation  “s"  of  the  log  of  life-prediction  parameter 
“r"  through 
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a  =  0.556/s(log  r) 


Finally,  6  is  the  scale  parameter  representing  the  near-mean  value  of  r  where 
F(B)  =  1  -  1/e  =  0.632. 


An  estimate  of  both  a  and  S  are  required  before  the  first  RFC  decision 
Is  fnsdfi,  Thsss  prior  ostlniistos  wi^l  bs  prlfnsrlly  upon  Issbcrstory®- 

observed  scatter  and  mean  life  performance  which  are  suitably  modified  to 
account  for  other  in-service  sources  of  variation  anticipated  during  the  RFC 
process.  The  best  method  of  making  prior  estimates  of  a  and  6  is  to  use 
PERFCT  to  perform  a  Honte  Carlo  simulation  of  the  fleet  under  realistic  condi¬ 
tions  but  for  fleet  sizes  and/or  engine  lifetimes  much  greater  than  actual,  in 
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can  be  constructed  to  contain  most  of  the  expected  source  of  life  prediction 
variation,  the  o  av^  e  values  can  be  taken  directly  from  the  simulation. 


The  most  important  pre-RFC  parameter  estimation  1s  that  of  parameter  a 
since  it  (AL)  is  used  during  the  entire  application  of  RFC  unless  and  until  a 
failure  occurs.  BET,  the  prior  estimate  of  B  is  also  used  until  the  field- 
dita-based  estimate  (£,  9_), 
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BETH  -  0  = 


1/AL 


all  . 
components 


(C-2) 


(where  NFF  is  the  total  number  of  failures  or  1,  whichever  is  greater)  pro¬ 
duces  a  value  larger  than  the  prior  estimate,  BET.  Thus,  the  prior  estimate 
is  always  used  to  compute  the  failure  probabilities  until  and  unless  it  is 
proven  to  be  too  conservative  by  enough  successful  fleet  performance. 

If  one  or  more  failures  occur,  it  is  possible  to  estimate  o  from  the 
field  data.  Rased  upon  exhaustive  studies  referenced  in  (£),  the  maximum 
likelihood  estimate  (MLE)  method  is  u>'id.  These  estimates  are  derived  (^) 
from  the  implicit  equation 
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-  (1/ALM) 


In 


r./NFF  =  0 
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(C-3) 


where  ALM  is  the  MLE  of  a  and  the  implicit  solution  is  conducted  with  a 
successive-approximation  numerical  method  in  Subroutine  MLE  In  PERFCT 
(Appendix  B). 

Since  the  hopefully  small  number  of  field  failures  are  not  adequate  to 
characterize  o  very  accurately,  the  procedure  has  been  designed  to  use  a 
weighted  average  (ALU)  of  the  field  data  and  the  prior  estimates  of  a,  ALM  and 
AL,  respectively.  The  estimate  of  o  that  Is  actually  used  Is  calculated  from 
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'(Wl  +  W2)/(W1/ALM‘'  +  M2/AL  ). 


(C-^4) 


where  W1  and  W2  are  weights  computed  from  W1  =  NFF  and  W2  =  XEFF.  Here,  XEFF 
is  specified  by  the  analyst  as  the  "equivalent"  number  of  failures  in  the 
heterogeneous  data  used  in  the  AL  prior  estimate.  Great  confidence  in  this 
prior  estimate  might  be  reflected  oy  a  value  like  XEFF  *  10.,  while  a  "guess¬ 
timate"  value  of  AL  might  result  in  a  specification  of  XEFF  less  than  one. 
Since  a  is  inversely  proportional  to  s(log  r)  and  since  the  accuracy  of 
estimating  s(lcg  r)  is  approximately  proportional  to  the  square  root  of  the 
number  of  failures  in  the  utilized  data  set  (^),  Equation  (C-4)  is  a 
statistically  correct  weighting  of  two  estimates  of  a  according  to  their 
respective  variances. 


The  actually  used  estimate  of  P,  BEfU,  is  then  computed  (9)  from 


all  ^ 
components 


11 /ALU 
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C.i  Conditional  Failure  Probability  Estimate 


Once  the  estimates  of  a  and  6  ,  ALU  and  BETU,  have  been  decided  upon, 
it  remains  to  compute  the  amount  of  life  extension  permitted  for  a  given 
allowable  maximum  failure  probability  f^cmax*  would  be  incorrect  to  simply 
substitute  ALU,  and  BETU  for  the  parameters  in  Equation  (C-1)  and  solve 

for  the  value  of  r  as  the  ratio  of  allowable-to-predicted  life  for  the  next 
extension.  This  Is  because  Equation  (C-1)  gives  the  unconditional  cumulative 
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failure  probability  for  a  part  cycled  from  Q  to  t  »  rtp.  As  shown  in  Figure 
C-1  it  is  the  conditional  failure  probability  that  is  of  interest  given  that 
the  part  has  lasted  to  the  present  tin’e,  tj,  at  which  the  RFC  decision  is 
nads.  The  conditional  probability  of  failure  between  times  tj(the  present) 
and  tp  is  given  by 

=  iHr^)  -  F(r,))/(1  -  F{rj))  (C-6) 

where  ”  t^/t  and  r^  =  t^/t  .  Using  equations  (C-1)  and  (C-6)  to  solve  tg 

A 

we  obtain  -  r2tp.  where 

r2  >  ’°3(l/(l-Fc^ (C-7) 

Since  the  disks  in  general  cannot  be  inspected  exactly  at  time  '^allow  ' 
t2.  the  next  lower  inspection  time  is  scheduled  using  Equations  (3-18)  and 
(3-19)  in  the  text. 

The  above  “update"  or  "field-feedback"  procedure  has  worked  very  well. 
It  performs  almost  as  well  as  the  constant  safety  factor  procedure  under 
optimum  safety  factor  conditions  where  the  RFC  procedure  contains  no  major 
errors  and  is  applied  often  (i.e.,  every  750  cycles).  Host  importantly,  the 
update  procedure  provides  for  effective  RFC  in  the  presence  of  much  longer 

I 

inspection  intervals  or  of  errors  that  totally  devastate  the  no-feedback, 
constant-safety  factor  procedures. 

Several  areas  of  improvement  have  already  been  identified  for  the 
update  procedure.  The  simplest  and  most  obvious  improvement  is  to  apply  the 
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formula  more  frequently  than  It  is  now.  Specifically,  instead  of  updating 
every  minimum  inspection  interval,  it  is  recommended  that  the  frequency  of 
update  be  increased  at  least  to  the  point  where  an  update  is  conducted  immedi¬ 
ately  after  any  field  failure.  This  higher  update  frequency  should  produce 
optimum  results  at  least  as  good  as  those  produced  by  the  “perfect -safety- 
factor"  deterministic  procedure.  It  is  anticipated  that  any  actual  appli¬ 
cation  of  the  probabilistic  update  technique  would  be  conducted  nearly 
continuously.  The  initial  development  herein  did  not  provide  for  continuous 
update  because  of  prohibitive  computer  costs  for  the  extensive  series  of 
simulations  we  conducted. 

The  next  three  capabilities  that  should  be  incorporated  are  to  (1) 
include  feedback  from  destructive  examination  of  retired  components,  (2)  allow 
for  more  than  one  component  and  type  of  failure/inspection  site  to  be  included 
in  the  conditional  failure  probaoility  calculations,  and  (3)  permit  different 
"r"  distributions  to  be  used  for  old  and  young  component?,  where  advisable. 
While  the  mathematics  to  add  these  capabilities  are  very  straightforward,  the 
bookkeeping  necessary  to  include  them  in  a  computer  program  and,  especially, 
to  simulate  them  over  the  history  of  the  fleet  is  expected  to  be  somewhat 
tedious  and  involve  significant  execution -time  computer  costs. 

One  of  the  favorable  aspects  of  the  chosen  statistical  update  proce¬ 
dure,  is  that  it  allows  all  knowledge  of  the  phenomena  and  field  experience  to 
be  directly  incorporated  Into  the  RFC  decision  making  process.  Further,  the 
graphical  interpretation  of  the  "actual /predicted"  procedure  in  Figure  C-1  is 
very  similar  to  that  used  by  gas  turbine  and  other  vendors  who  design  and 
specify  allowable  life  for  life-limited,  fatigue,  or  wea rout -critical  compo- 
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rents.  Finally,  the  update  procedure,  vrtiile  requiring  the  Initial  choice  of  a 
safety  factor  or  Its  equivalent,  acts  automatically  to  optimize  the  safety 
factor  as  field  data  become  available. 


APPENDIX  E 
PERFCT  OUTPUT 


The  most  salient  output  of  the  PERFCT  program's  sim'ilations  of  disk 
fleets  (Section  4)  and  test  units  (Section  5)  is  presented  here  as  a  series  of 
Tables.  Each  table  corresponds  to  a  data  point  in  the  figures  of  Sections  4 
or  5,  plotting  average  RFC  dollar  gain  (U)  versus  safety  factor  (SF)  or 
failure  probability  (F(-p,aj().  The  tabulated  output  includes  subfleet  introduc¬ 
tion  times  and  numbers  of  engines#  inspections,  replacements,  and  failures. 
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1500  eiSK  STMO  CASE-HI  OES  PROBE  SHSPECTION 
INSPECTION  11HE  SPECIFIEO  WITH  CONSTANT  SAFETY  FACTOR.  SF=I.OO. 

XNMIN.XHt1AX,XNPI,SASS,Al,,BdT,XEFFtirR=  750.  750.  15160.  1  .000  6.00  1.00  1.3 


iUPFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

ID  n 

INTRODUCED 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2248 

466 

7 

-2905. 

2 

750. 

575 

2250 

432 

4 

13048. 

3 

1500. 

375 

2250 

434 

2 

24450. 

2250. 

375 

2250 

43S 

3 

19016. 

TOTALS! 

1500 

8990 

1770 

16 

13610. 
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1500  DiSK  STNO  CASE-HT.  RES  PROBE  INSPECTION 
INSPECTION  TIf!E  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  Sr  =  t.50. 


l.'.^NMAX.XNPI.SASS.ALi 

DFT.XEFF.IPR 

=  750. 

750.  15260.  i 

.000  4,00 

1.00  1,  : 

SUBFLCET 

TIME 

NUKDEP  OF 

NUMBER  OF 

NUMBER  OF 

NIIMPFR  OF 

RFC  DOLLAR  ' 

10  C 

iirrRoouccO 

ENGINES 

INSPECTIONS  RCPUACEtlEHTS 

FAILURES 

Pio  ENGINE 

1 

0. 

375 

2249 

593 

2 

21241 . 

2 

750, 

375 

.  2250 

545 

1 

27497, 

3 

1500. 

375 

2249 

505 

1 

28301. 

4 

2250. 

375 

2250 

568 

1 

27103. 

TOTALS' 

1500 

8998 

2217 

5 

•26035. 
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1500  DISK  STNO  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  COHSTAHT  SAFETY  FACTOR.  SPsZ.OB. 

XN«IN,XNMAX,XNPI.SA5S,AL,BET-XEFF,IPR=  750.  750.  15260.  1.000  4.00  1.00  1.  J 


lUBFlEET 

TIME 

NIIMBER  OF 

rFJMBER  OF 

NUMBER  OK 

TA7FBER  OF 

RFC  DOLLAR  1 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  BEFLACEMENT5 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

680 

0 

.  JO! 77. 

A 

C 

750. 

375 

2249 

660 

0 

30577, 

3 

1530. 

375 

.2250 

677 

1 

2A941 . 

4 

2250. 

375 

2250 

651 

t 

25543. 

TOTALS' 

1500 

8V90 

2660 

2 

27784. 
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tSOO  OJ?K  <>rND  CASE-HI  HES  PROBE  INSPECTION 
IH5PECTia<  'IME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SFbE.SO. 

X»HIN,XWN«X,XNPI,SASS,AL,BET,XEFF,1PR=  750.  ree.  15860.  1.000  4.00  1.00  1.3 


SUriFLEfT 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMSER  OF 

RFC  DOLLAR  1 

10  0 

iNTRODUCED 

EN&INES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENCINE 

1 

0. 

375 

2249 

632 

0 

27137. 

J 

750. 

375 

2250 

837 

0 

27056. 

3 

1500. 

375 

2250 

796 

0 

27676. 

4 

2150. 

375 

2249 

777 

1 

22903. 

TOTAl.Si 

1500 

0990 

3242 

1 

26243. 
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IjOO  disk  STNO  CASE-HI  RES  PROBE  INSPECTION 
INSPECTIc.'N  TIME  SPECIFIED  HITH  CONSTANT  SAFETY  FACTOR.  SF^S.SO. 


4,XNKAX,XNPI.SASS,AL, 

BET.XEFF.IPB 

s  750. 

750.  15260.  1 

.000  4.00 

t.oo  1.  : 

SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLUR  1 

10  • 

INTRODUCED 

ENGINES 

INSPECTIONS  REPUCEHENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

903 

0 

25717. 

2 

750. 

375 

2250 

699 

0 

25616. 

3 

1500. 

375 

2250 

666 

0 

S6476. 

4 

2250. 

375 

2249 

664 

0 

26497. 

TOTALS  1 

1500 

6996 

3532 

0 

26127. 

1500  DISK  STHD  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  HITH  CONSTANT  SAFETY  FACTOR.  SF«4.00. 

XHKIM,XNrlAX.XNPI,SASS,ALrBET,XEFF,IPR=  750,  750,  15200.  1.000  4.00  1.00  1.  I 


SUBFIEET 

TIME 

NWBtR  OF 

NUMBER  CF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

ID  C 

INTRODUCED 

ENGINES 

IKSPECTIOHS  REPLACEMENTS 

FAILURES 

PER  ENBINE 

1 

0. 

375 

2249 

957 

0 

24637. 

2 

750. 

375 

2250 

952 

6 

2475*. 

3 

1500. 

375 

2230 

927 

0 

25256. 

4 

2250. 

375 

22*9 

945 

0 

24877. 

TOTALS  1 

1590 

0996 

3761 

p 

24862. 
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1500  DISK  STKO  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIIIEO  WITH  CONSTANT  SAFETY  FACTOR.  SF'S.OO. 

XMniN,XNriAX,XNPIiSASS,ALiBET|XEFFilPR=  750.  750.  15260.  1.000  4.00  1.00  1.3 


SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NL*’1BER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

1017 

0 

23437. 

2 

750. 

375 

2250 

1009 

0 

23617. 

3 

1500. 

375 

2250 

1012 

0 

23556. 

4 

2250. 

375 

2243 

1034 

0 

23078. 

TOTALS* 

1500 

6997 

4072 

0 

23422. 
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1500  DISK  STNO  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF=6.00. 

XNMIM.XNMAX.XNPI.SASS.AL.BET.XEFF.IPfl:  750.  750.  15260.  1.000  4.00  1.00  1.3 

SUBFLEET  TIME  NUMBER  OF  NUMBER  OF  NUnBER  OF  NUMBER  OF  RFC  DOLLAR  GAIN 
ID  «  INTROOUCCO  ENOIHES  INSPECTIONS  REPLACEMENTS  FAILURES  PER  ENGINE 


1 

0. 

375 

2249 

1075 

0 

22277 

2 

75C. 

375 

2250 

1053 

0 

22137 

3 

1500. 

3  75 

2250 

1043 

0 

22936 

4 

2250. 

375 

2248 

1118 

0 

21398 

TOTALS* 

1500 

8997 

4319 

0 

22187 
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1500  DISK  PERFECT  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  PERFECTION. 


XNKIN,XNnAX,XNPI,SA3S,AL,BET,XEFF,IPR^  750.  75000.  52615.  1.000  4.00  1.00  1.3 


SUBFLEET 

TIME 

NUMDER  OF 

NIRIDER  OF 

NUMBER  OF 

HUMBER  OF 

RFC  DOLUR  1 

ID  0 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

S24 

68 

0 

42933. 

2 

750. 

375 

495 

72 

0 

43288. 

3 

1500. 

375 

508 

79 

0 

43141. 

4 

2250. 

375 

492 

72 

0 

43E90. 

TOTALS* 

1500 

2019 

311 

0 

43163. 
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1500  DISK  FAIL  CASE-HI  RES  PRCei; 

INSPECTION  TIME  SPECIFIED  WITH  PEffVECflOfi. 

»miH.>«NMAX,X1IPI,SAS5,AL.BF.T,XEFF.IP«=  750.  75C00.  52815.  1.006  <>.«0  1.00  1.  3 


5U3FLEET 

TIME 

NUMBER  OF 

fTUFIBFH  OF 

NUMBER  CF 

NU-«EB  OF 

RFC  DOLLAR  ' 

ID  < 

INTROOUCED 

ENGINES 

IKSI'LCTIONS 

PCPLACEHkHTS 

FAILURES 

PER  EliGINE 

1 

0. 

375 

566 

69 

69 

-432077. 

2 

750. 

375 

529 

71 

71 

-3356M, 

3 

1500. 

>75 

533 

73 

73 

-346366. 

4 

2250. 

375 

531 

75 

75 

-356960. 

TOTALS' 

1506 

CJS9 

3;i 

305 

-367760. 

1500  DISK  TW)  CACC-5110  KHE  OUTSUE  LAB  INSPECTION 
INSPECT!*!  Tint;  SPECIFIED  KITH  CONSTANT  SAFETt  FACTOP.  SF'2.60. 


;N  .  XNHAX ,  XNPI ,  SASS ,  AL. 

BET,XEFF,IPR 

s  760. 

750.  15260.  1 

.000  4.00 

t.OO  1.  3 

SUBFLEET 

Tmu 

FAJMSER  OF 

1AJKBER  CF 

N’RiBER  OF 

NUFL^EP  OF 

RFC  DOLLAR  GAIN 

IQ  « 

INTRODLlCfO 

ENGINES 

INSPECVIOAS 

RtPLACFntNis 

faIlukES 

FcK  tNGIric 

1 

0. 

575 

224'? 

533 

1 

27/76. 

2 

750. 

375 

2259 

4 ',5 

4 

12610. 

3 

1500. 

37.'; 

.2250 

5i7 

C 

3J455. 

4 

2250. 

375 

2249 

526 

0 

33255. 

TOTALS' 

•509 

8996 

2061 

5 

26625. 

E-t2 

1500  DISK  sn®  CA3E-  50C  KKI  CTJTSIDC  LAB  INSPECTION 
INSPECTION  TIME  SPECIFIEB  WITH  CONSTANT  SAFETY  FACTOR.  SFtfi.SiO. 

XNMIN,XNNAX,XNPI,SASS.AL>BET,XEFF,IPR-  750.  75T.  15260.  1.900  A. 00  1.00  1.  3 


SUBFLEET 

TIME 

HUMBER  OF 

NUMBER  OF 

WABER  OF 

NUMBER  OF 

RFC  DOLLAR  6A.TH 

ID  t 

XNTRODUCEO 

ENGINES 

INSPECTIONS  REPIACEMEMTS 

FAILURLS 

PER  ENGINE 

1 

0. 

375 

2249 

631 

1 

25316. 

2 

750. 

375 

2250 

576 

2 

21501. 

3 

1500. 

375 

2249 

594 

0 

31096. 

4 

2250. 

S7S 

2250 

606 

1 

26302. 

A 


t--5 


TOTALS' 


1500 


tAII 


E--13 


1500  DISK  STNO  CA5E-500  KHZ  OUTSIDE  LAB  INSPECTION 
IHSPECIION  TIME  SPECIFIED  WITH  CONSTANT  SAFETT  FACTOR.  SF=3.30. 


XNtllN .  XMHAK .  XNPI ,  SA5S ,  A  L  f 

BET.XEFF.IPR 

=  750. 

750.  15250.  1 

.000  4.00 

1.00  1.  3 

SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  6AIK 

10  • 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

BBS 

1 

2467&. 

2 

750. 

375 

2250 

524 

2 

20661. 

3 

1500. 

375 

2249 

529 

0 

31196. 

4 

2250. 

375 

2250 

515 

1 

26152. 

TOTALS: 

1500 

6990 

2556 

4 

25574. 

E-14 


1500  DISK  STt«  CASE-SOO  KHZ  OUTSIDE  LAB  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETT  FACTOR.  SF=‘».O0. 


XNMIN , XNMAX . XNPI , SASS , AL • 

BET.XEFF.IPR 

=  750. 

750.  15260.  1 

.000  4.00 

1.00  1.  3 

SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

ID  « 

INTRODUCED 

ENGINES 

INSPECTICR1S 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

u. 

37b 

2Z49 

-24 

1 

25958. 

2 

750. 

375 

2249 

554 

1 

25357. 

3 

1500. 

375 

2250 

586 

0 

30075. 

4 

2250. 

375 

2250 

668 

0 

30435. 

TOTALS! 

1500 

699B 

2732 

2 

27457. 

E-1# 

1500  DISK  STNO  CASE-SOO  KHZ  OUTSIDE  UB  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SP<5.0P. 

XNMIN.XNHAXiXNPI»SASS,AL>BET>>:CFFilPR=  750  .  750.  ISEOO.  1.000  4.00  1.00  I.  3 


SUBFLEET 

TIME 

NUF8ER  OF 

NUMBER  OF 

WRIBER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPUCEHENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

766 

0 

28456. 

2 

750. 

375 

224? 

759 

1 

23257. 

3 

1500. 

375 

2250 

727 

0 

29255. 

4 

£250. 

375 

2250 

755 

0 

28696. 

TOTALS* 

1500 

8998 

3007 

1 

27416. 

1500  DISK  STNO  CASE-500  KHZ  OUTSIDE  LAB  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTO?.  8F*6.00. 

yNtIIN,X1»UX,XNPI,SA55,AL,BET,XEFF,IPR=  750.  750.  15250.  1.000  4.00  1.00  1.3 


SUBFLEET  TIME  NUMBER  OF  NUMBER  OF  NIRIBEK  OF  NUMBER  OF  RFC  DOLL!  BAIN 
ID  It  INTRODUCED  ENGINES  INSPECTIONS  REPUCEHENTS  FAILURES  PER  ENGINE 

1  0.  37E  2248  795  0  87857. 

C  750.  375  2250  792  1  22617. 

S  1500.  375  2250  785  0  26096. 

4  2250.  375  2250  789  0  26016. 

TOTALS'  !500  8998  3161  1  26646. 


E-17 


1500  DISK  STMD  CASE-  1  MIZ  OUTSIDE  LAB  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF=2.00. 


XNMIN,XNMAX,XNPI,SA53,AL,BETtXEFF,IPR 

=  750. 

750.  15260.  1 

.000  4.00 

1.00  1.  ; 

SURF LEFT 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NIR18ER  OF 

RFC  DOLLAR  ( 

IG  C 

IHTR0QUCE3 

ENGINES 

INS,“£CTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

667 

1 

25099. 

2 

750. 

375 

2249 

660 

0 

30  576. 

3 

1500. 

375 

2250 

686 

0 

30076. 

4 

2250. 

375 

2259 

653 

1 

25403. 

TOTALS  1 

tsoo 

6998 

2666 

2 

27788. 

1500  DISK  STND  CASE-  1  MHZ  OUTSIDE  LAB  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  95*2.80. 

XNMIM,XNMAX,XNPI,SASS,ALiBET,XEFF,IPR=  750.  750.  I5Z60.  1.000  4.00  1.00  1.  5 


SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

1RJMBER  OF 

RFC  DOLLAR  ( 

ID  « 

INTRCOUCEO 

ENGINES 

INSPECTIONS  REPUCEMEHTS 

FAl  LINES 

PER  ENGINE 

1 

0. 

375 

2248 

788 

0 

27997. 

2 

750. 

375 

2250 

782 

0 

28156. 

3 

1500. 

375 

2250 

791 

0 

27976. 

4 

2250. 

375 

2250 

782 

0 

26156. 

TOTALS' 

1500 

8998 

3143 

0 

28071 . 

B-19 


1500  DISK  STND  CASE-  1  MHZ  OUTSIDE  LAB  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF=3.30. 

){NMIN.XNMAX,XNPI.SASS,AL,BET,XEFF,IPR=  7S0.  750,  15Z60.  1-000  4.00  1.00  t.  3 


SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

IB  « 

INTRODUCED 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2248 

843 

0 

26897. 

Z 

750. 

375 

2250 

031 

0 

271  76. 

3 

1500. 

375 

2250 

825 

0 

2  7296. 

4 

2250. 

375 

2250 

612 

0 

27556. 

TOTALS  I 

1500 

8998 

3311 

0 

27231 . 

E-20 

1500  DISK  SINO  CASE-  1  MHZ  OUTSIDE  LAB  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  5F=4.00. 

XNMIN,XNMAX,XNPI.SASS.AL,BET.XEFF,IPR=  750.  750.  15260.  1.080  4.00  1.00  1.  3 


SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAP  GAIN 

ID  0 

TAiTonm  iR»cr» 

A19  4  r.  WWWWkW 

-..-/ri-w-  • 

•SbR- WP4Vbt  •  V 

»  A  *  ■  1  M 

rc>K 

1 

0. 

375 

2249 

909 

0 

25597. 

2 

750. 

376 

2250 

880 

0 

26196. 

3 

1500. 

575 

2250 

893 

0 

25936. 

4 

2250. 

375 

2249 

865 

0 

26476. 

TOTALS* 

1500 

8996 

3547 

e 

26051 . 

e-^1 


1500  DISK  3TH0  CASE-  1  MHZ  OUTSIDE  LAB  INSPECTION 
INSPECTION  TIME  SPECIFIED  HITH  CONSTANT  SAFETY  FACTOR.  SF=5.00. 


1 , XNMAX , XNPI , SASS 1 A L ,  1 

BET,XEFF,IPR 

=  750. 

750.  15260.  1 

.000  4.00 

1.00  1.  : 

SOBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENSINE 

1 

0. 

375 

2249 

972 

0 

24537. 

2 

750. 

375 

2250 

F26 

0 

25276. 

3 

1500. 

375 

2250 

939 

0 

25016. 

4 

2250. 

375 

2249 

916 

0 

25456. 

TOTALS* 

1500 

8998 

3753 

0 

25021 . 

E-8 


E-22 


I5U0  DISK  STND  CASE-  1  MHZ  OUTSIDE  LAB  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  5F»6.00. 

XNHIN,XNHAX,XNP1,SASS,ALiDET,XEFF,IPRe  750.  750.  15E60.  1.000  4.00  1.00  1.  3 


SUBFLEET 

TIME 

NUMBER  OF 

HUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

ID  f 

INTRODUCED 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

1005 

0 

23677. 

n 

C 

750. 

375 

2250 

960 

0 

24596. 

3 

1500. 

375 

2250 

955 

0 

24696. 

«♦ 

2250. 

375 

2249 

975 

0 

24277. 

TOTALS  1 

1500 

B990 

3S95 

0 

24311 . 

E-23 

1500  DISK  STND  CASE -HYPOTHETICAL  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF>1.00. 

XNMIN.XNMAX.XNPI.SASS.ALiBET.XEFF.IPR:  750.  750.  15260.  1.000  4.00  1.00  1.3 


SUBFLEET 

TIMf 

HJmtP  Of 

NUI«k:k  at 

NuhutK  OF 

NunotK  ur 

kFC  vulLjw  \ 

10  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

176 

5 

13507. 

2 

750. 

375 

.2250 

171 

5 

13726. 

5 

1500. 

375 

2250 

149 

2 

30159. 

4 

2250. 

375 

2250 

149 

7 

3507. 

TOTALS* 

1500 

0999 

645 

19 

15245. 

E-t4 


ISO*  DISK  STND  CASE-HYPOTHETICAL  INSPECTION 
INSPECTION  TINE  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  8F»1.5e. 


XNniN iXNFUX , XNPI , SASS > AL . 

OET.XEFF.IPR 

=  750. 

750.  15260.  1 

.000  4.00 

1.00  1.  : 

SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

10  0 

INTRODUCED 

ENGINES 

INSPECTIONS  REPIACFHENTS 

failures 

PER  ENGINE 

1 

0. 

375 

2249 

244 

3 

22BB2. 

2 

750. 

375 

2250 

236 

1 

33759. 

3 

1500. 

375 

2250 

210 

2 

26936. 

4 

2250. 

375 

2250 

219 

4 

10093. 

TOTALS* 

1500 

•999 

909 

10 

U9t7. 

e-t 


E“26 


1500  DISK  STM)  CASE-HYPOTHETICAL  INSPECTION 
INSPECTION  TIHE  SPECIFIED  MITH  CONSTANT  SAFETY  FACTOR.  SF=*.00. 

XNHIN.XNnAX.XNPI.SASS.AL.BET.XEFF.IPHa  750.  750.  15E60.  1.000  0.00  1.00  1.  5 


SUBFLEET 

TIHE 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

ID  * 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

310 

2 

26900. 

2 

750. 

375 

2250 

310 

1 

32279. 

3 

1SOO. 

375 

2250 

283 

2 

27468, 

4 

2250. 

375 

2249 

283 

2 

27450. 

TOTALS' 

150.1 

8998 

1186 

7 

28524. 

E-aw 

1500  DISK  STND  CASE-HYPOTHETICAL  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF=e.60. 

XNHIN,XNMAX,XNPI,SASS,AL,BET.XEFF.IPR=  750.  750.  15260.  1.000  4.00  1.00  1.  3 


SUBFIEET  TIME  NUMBER  OF  NUMBER  OF  NUMBER  OF  NUMBER  OF  RFC  DOLUR  GAIN 
IC  «  INTRODUCED  ENGINES  INSPECTIONS  REPLACEMENTS  FAILURES  PER  ENGINE 

1  0.  375  2248  415  1  301)9. 

I  750.  375  2250  426  1  29920. 

J  1500.  375  2250  408  0  35635. 

4  2250.  375  2250  427  0  35255. 

TOTALS'  1500  8998  1678  2  32732. 


E-27 


1500  DISK  STM)  CASE-HYPOTHETICAL  INSPECTION 
inspection  time  SPECIFIEO  with  constant  SAFETY  FACTOR.  SF=3.30. 


XNNIN , XNHAX , XNPl , S ASS . A L .  1 

BET.XEFF.IPRs  750. 

750.  I526C.  1 

.000  4. '40 

1.00  1.  ; 

SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

ID  11 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

504 

1 

28358. 

2 

750. 

375 

2250 

490 

e 

33995. 

3 

1500. 

375 

2250 

450 

0 

34795. 

4 

2250 . 

375 

2249 

481 

1 

28023. 

TOTALS' 

1500 

699B 

1925 

2 

31493. 

C-*10 


E-28 


1500  DISK  STNO  CASE-lirPOTHETlCAL  INSPECTION 
INSPECTION  time  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF<4.00. 


XNMlNtXNMAXtXNPI,SASSiALiBET,XEFF,IPR=  750.  750.  15260.  1.000  4.00  1.00  1.  3 


SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

ID  » 

INTRODUCED 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

617 

0 

31436. 

C. 

750. 

375 

2250 

535 

0 

33096. 

1500. 

375 

2249 

560 

0 

325  76. 

<4 

2250. 

375 

2250 

560 

1 

27262. 

TOTALS* 

1500 

0998 

2272 

1 

31092. 

E-2» 

1500  DISK  STNO  CASE -HYPOTHETICAL  INSPECTION 
INSPECTION  TINE  SPECIFIED  MITH  CONSTANT  SAFETY  FACTOR.  SF=5.00. 

XNrilN.XNMAX.XNPI.SASSiALiBEr.XEFr  iIPRs  750.  750.  15260.  1.000  4.00  1.00  1.3 


SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBIR  OF 

NUMBER  OF 

RFC  DOLLAR  1 

ID  » 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

600 

0 

36176. 

2 

750. 

375 

2249 

661 

0 

30556. 

3 

1500. 

375 

2250 

696 

0 

29076. 

4 

2250. 

375 

2250 

633 

0 

31135. 

TOTALS  1 

1500 

«99« 

2470 

0 

30434. 

E-30 


15SC  DISK  5~r«J  CAsc-HtKjimETICAL  INSPECTION 
INSPECTION  TIME  SPECIFIED  HITH  CONSTANT  SAFETT  FACTOR.  SF<6.00. 

XNHIN,XNIUX,XNPT,SASS>AL,BET,XeFF,IPR-  750.  750.  15260.  1.000  4.00  1.00  1.3 


SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUr«ER  OF 

RFC  dollar  ( 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPUCE1«MTS 

Failures 

PER  ENGINE 

1 

0. 

375 

£246 

750 

0 

£6597. 

2 

750. 

375 

2250 

740 

0 

20016. 

3 

1500. 

375 

2250 

>50 

0 

20656. 

4 

£250. 

375 

2250 

755 

0 

26696. 

TOTALS I 

1300 

B995 

3019 

0 

£0691. 

E-11 


E-31 


1500  DISK  SKIP  CASE-Hl  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF'Z.OO. 

XNMINiXNMAX.XNPI.SASS.AL.BET.XEFF.XPRs  750.  75000.  15Z6C.  1.000  4.00  1.00  I.  3 

SUBFLEET  TIME  HUfSER  OF  NUMBER  OF  NUTIBER  OF  NUMBER  OF  RFC  DOLLAR  GAIN 
10  t  INTRODUCED  ENGINES  INSPECTIONS  REPLACEMENTS  FAILURES  PER  ENGINE 


1 

0. 

375 

543 

479 

5 

8233. 

z 

750. 

375 

875 

423 

4 

14759. 

3 

1500. 

375 

86 1 

373 

4 

15778. 

4 

E250. 

375 

516 

450 

4 

14163. 

TOTALS « 

1500 

3595 

1725 

17 

13233. 

E-32 


1500  DISK  SKIP  CASE-HI  RES  PROBE  INSPECIION 
INSPECTION  TIME  SPECIFIED  MITH  CONSTANT  SAFETY  FACTOR.  SF'E.EO. 


XNMIN ,  XNHAX ,  XNPI ,  SAS5 .  AL  ,1 

BET.XEFF.IPR 

=  750. 

75000.  15260.  1 

.000  4.00 

1.00  1.  3 

SUBFLEET 

TIME 

NUMBER  OF 

NUMBER 

OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  CAIN 

10  t 

II'ITROOOCCO 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

1  AILLWES 

PER  ENGINE 

1 

0. 

375 

937 

494 

5 

791*, 

i 

750. 

375 

875 

432 

4 

14550. 

3 

1500. 

375 

-  666 

396 

4 

15296. 

4 

2250. 

375 

909 

455 

3 

19413. 

TOTALS! 

1500 

3585 

1777 

16 

14306. 

E~33 


1500  DISK  SKIP  CASE'Hl  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  HITH  CONSTANT  SAFFtY  FACTOR.  5F=».S5. 


XNMIN .  XMIAX .  XNPI .  3AS3 1  AL , 

BETiXEff  .IPR 

=  750. 

,  75000.  15260.  1 

.000  4.00 

1.00  1.  3 

SUBFLEET 

TIME 

NUH3ER  OF 

NUMBER 

OF  NUMBER  OK 

NUMBER  OF 

RFC  DOLLAR  CAIN 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

900 

496 

5 

7876. 

2 

750. 

375 

852 

448 

5 

S957. 

3 

1500. 

375 

908 

484 

3 

10846. 

4 

2250. 

375 

672 

455 

2 

24772. 

TOTALS' 

1503 

3532 

less 

15 

15113. 

E-12 


E-34 


1500  DISK  SKIP  CASE -HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  MITH  CONSTANT  SAFETY  FACTOR.  8F=3.50. 

XNniN.XNKAX.XNPI.SASS.AL.BET.XEFF.IPR:  750.  75000.  15260.  1.000  6.00  1.00  1.  3 


sirertEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  0'^ 

NUMBER  OF 

RFC  DOLLAR  1 

ID  » 

INTRODUCED 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILWE3 

PER  ENGINE 

1 

0. 

375 

1034 

544 

4 

12117. 

E 

750. 

375 

•  003 

505 

2 

23700. 

3 

1500. 

375 

1062 

556 

0 

33310. 

2253. 

375 

1037 

527 

0 

33903. 

TOTALS" 

1590 

4136 

2137 

6 

25757. 

E-35 

1500  DISK  SKIP  CASE 'HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  MITH  CONSTANT  SAFETY  FACTOR.  SFcA.CO. 

X1#11N,XN«AX,XNFI.SASS,AU.BET,XEFF,IPR=  750.  75000.  15260.  I.OOC  6.00  1.00  1.  3 


SUBFLEET 

TIME 

NLIM3ER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

10  t 

INTRODUCED 

EFiSINES 

1N3.“ECTI0MS  REPLACEKEF.TS 

FAILWT-  3 

PER  ENGINE 

1 

0. 

375 

1224 

650 

1 

25403. 

2 

750. 

375 

1214 

549 

1 

27034. 

3 

1500. 

375 

•1250 

652 

0 

31240. 

4 

2250. 

375 

1147 

590 

0 

32550. 

TOTALS" 

1500 

4090 

2441 

2 

24216. 

1500  DISK  SKIP  CASE-HI  RES  PROBE  INSPECTION 
inspection  time  SPECIFIED  WITH  COHSTANT  5AFETT  FACTOW,  SF«5.00. 

XNKIN,XMUX,XNPI,3A33.AE.eET.XCFF.IPR«  750  .  75000.  15E60.  1.070  6.00  1.00  1.3 


SUBFLEET 

TIME 

NUMBER  OF 

NUMOER  OF 

HUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

10  » 

INTRODUCES 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  EHBZNC 

1 

0. 

375 

1455 

POO 

0 

20101. 

2 

750. 

375 

1427 

770 

« 

20035. 

3 

1500. 

375 

1424 

701 

0 

20614. 

4 

2250. 

375 

1430 

704 

0 

20454. 

TOTALS" 

1500 

5741 

1140 

0 

20521. 

E-13 


c-®r 


1500  DISK  SrrfV^CASE-HI  RES  PROBE  INSPECTIOH 

INSPECTION  TINE  SPECIFIED  HITK  STATISTICAt.  UPDATE.  NAX  ALLOUABLE  FAILURE  PfiOeABILITYsO.0003. 
XNNIN.XNttAX.XNPZiSASS.ALrBET.XEFFiIPR-  750.  750.  15250.  1.000  4.00  1.00  I.  3 


SUBFLCET 

TIHE 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  C 

ID  « 

INTRODUCED 

EN6INES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

1196 

0 

19657. 

»> 

4. 

750. 

375 

2250 

1196 

0 

19877. 

3 

1500. 

375 

2249 

list 

0 

20157. 

4 

2250. 

375 

2249 

1179 

0 

20197. 

TOTALSi 

1500 

•997 

4752 

0 

20022. 

E-S6 


1500  DISK  SrAO  CASE-Hl  RES  PROBE  INSPECTION 

INSPECTION  TIHE  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROBABILITYsQ.OOIO. 
XNMIN.XNMAX,XNP1,SAS3,AL,BET,XEFF,IPR=  750.  750.  15260.  1,000  4.00  1.00  1.  3 


SU6FLEET 

TIME 

NUMBER  OF 

lAJMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

< 

0. 

375 

2Z49 

1194 

0 

19697, 

2 

750. 

375 

2250 

1195 

0 

19897. 

3 

1500. 

375 

2249 

1162 

0 

20137. 

4 

2250. 

375 

2249 

1177 

0 

20237. 

TOTALS' 

1500 

B997 

4748 

0 

20042. 

e-3» 


1.500  DISK  irw  CA5E-HI  RES  PROBE  INSPECTION 

ir^PECTICH  Tint  sPtCiFiED  HITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROaABZLITYsO.OOeO. 


XNHIN , XNH AX . XNP I . 3ASS I A L r 

BETtXEFF.IPR*  7S0. 

750.  15260. 

1.000  4.00 

1.00  1.  3 

SUBFLEET 

TIHE 

NUMBER  OF 

NUMBER  CF 

IMMBER  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

ZD  * 

INTRODUCED 

ENGINES 

INSPECTIONS  REPUCEMINTS 

FAlLURtS 

PER  ENGINE 

1 

0. 

375 

2249 

1194 

0 

19897. 

2 

750. 

375 

2250 

i;9S 

0 

19897. 

3 

1500, 

375 

2249 

1162 

0 

20137. 

4 

2250. 

375 

2249 

1177 

0 

20237. 

TOTALSI 

1500 

8997 

4748 

0 

20042. 

IE”14 


E-40 


1500  Nsr  ST/VO  CASE 

-HI  RES  PROBE 

IHSPECTION 

INSPECTION  TIME 

SPECIFIED 

WITH  STATl 

STICAL  UPDATE 

.  MAX  allowable  FAILURE 

FROBA81LITt«0 

XNMIH.XHtlAV.XNPI 

,r.AS5,ALiBET,XeFF,IPR=  750.  750.  152*0.  1 

.000  4.00 

1.00  1.  : 

SaBFLEET 

TIME 

NUMBER  OF 

NUMSER  OF 

NUMBER  OF 

HUMBER  OF 

RFC  DOLLAR  ( 

ID  «  INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

failures 

PER  EHOINE 

1 

0. 

375 

2244 

1172 

0 

20357. 

2 

750. 

375 

2250 

1166 

0 

20077. 

3 

1500. 

375 

2249 

1154 

0 

20697. 

H 

2250. 

375 

2249 

1157 

0 

20637. 

TOTALS* 

150C 

aV97 

4669 

0 

20437. 

E-^1 


1500  DISKiTTya  CASE-HI  RES  PROBE  IHSPECTION 

INSPECTIOil  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROBA0IL1TY*O.O1OO. 
XNI1IN,XMHAX,XNPI,3ASS,ALtBET,XEFF,If<R=  750  .  750.  15260.  1.000  4.00  1.00  1.  5 


rcT 

IIHF 

HUMBER  OF 

HUMBER  OF 

MRCER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

lu  n 

ihtrodIaced 

EWilHES 

INSPECTIONS  REPLACtntHlS 

FAJ  Lwrib!# 

BSd  ruCTMT 

1 

0. 

37S 

2249 

1135 

0 

*1077. 

2 

750. 

375 

2250 

1144 

0 

*0917. 

3 

1500. 

375 

2249 

1110 

0 

*1577. 

4 

22S0. 

375 

2249 

1097 

0 

*1637. 

TOTALS* 

1500 

6997 

4466 

0 

*135*. 

C-4* 


1500  DISK  SrKO  CASE-HI  RES  PROBE  IHSPECTION 

INSPECTION  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PRQDABILITY«O.QtOO. 
XM1XH.XNMAX,XNP1,5A35,AI,BET,XEFF,IFH«  750.  7»«.  15*60.  1.000  4.00  1.00  1.  J 


SUOFLECT 

TIME 

NUMBER  OF 

FARCER  OF 

NUMBER  OF 

HUMBER  OF 

RFC  OOLLAR  ( 

ID  » 

INFROOUCEO 

EH6INES 

INSPECTIONS  RCPUCEMENTS 

FAILURES 

PER  CFCINE 

1 

0. 

375 

2249 

107* 

0 

*2337. 

2 

750. 

375 

2250 

101* 

0 

*3557. 

3 

1500. 

375 

*250 

*33 

0 

*5136. 

4 

2250. 

375 

2*46 

B93 

0 

*5696. 

TOTALS* 

1500 

6997 

3910 

0 

*4*3*. 

E-16 


E-43 


1500  DISK  3TN0  C4SE-HI  RES  PROBE  INSPECTION 

INSPECTION  TIHE  SPECIFIED  KiTM  STIiTISTICAl.  UPDATE .  MAX  Al.tOMABLE  FAIIURE  P8(»ABILITY»0,0500 
XNIUH,miAX,yNPI,SASS,Al..BET,XEFF,lPRs  750.  750.  15260.  1.000  0.00  1.00  I.  3 


SUCFLIFT  TtW:  NUMBER  OF  HUMBER  OF  KUMcEB  OF  NUM0ES  OF  RFC  DQllAR  GAIN 

ID  »  INTRODUCED  ENGINES  IHSPtCVIONS  REPUCtNENTS  FAIIURES  PER  E1WIKF. 


1 

0. 

375 

2249 

024 

0 

27297. 

2 

750. 

375 

7250 

750 

0 

28794 . 

3 

1500. 

375 

2250 

S56 

1 

27y^3, 

4 

2  .'50. 

375 

2249 

466 

2 

£3015. 

TOTALS  1 

1500 

B998 

2596 

3 

26619. 

E-44- 


1500  CITK  ir.VJ  CASE-«r  RES  PBOaE  INSPECTION 

T'.  r'PECTION  TIME  SPECIFIED  WITH  STATISTICAL  UW'AVE.  t1A'{  ACLTAIABlE  FAILUIVE  PROBABIUTfsO.  1000 
XNmH,XNMAX,XNPI,SA5S,AL.PCV,XEFF,lPH»  750.  750.  15200.  1.000  4.00  1.00  1.  3 


SUBFLE6T 

TIME 

HUMBER  P.F 

NUMBER  0? 

IftSIDER  OF 

NUMBER  OF 

RFC  DOLUR  GAIN 

ID  t 

introduced 

ENGINES 

INSPECTIOf«  REPUCEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

669 

0 

35397. 

<4 

V 

750. 

375 

2259 

543 

6 

960. 

3 

1500. 

375 

.2250 

424 

0 

35316. 

4 

2250. 

375 

2249 

33ft 

6 

5016. 

TOTALS' 

ItOO 

8990 

1974 

>2 

17924. 

1500  DISK  snip  CA5r.'ii;.  PET.  ft;!;!:*’  ImSPEDHON 

INir'ECTIO!l  TIME  SPECITIEO  HITK  STATISTICAL  UXlTATC,  MAX  ALLOF4ABLC  FAILURE  PROBABILIi I>0.5gvi 
XNlUH,XNHAX,y.NPI»SASS,AL.BET.Xr.FF,lPR=  750.  75000.  15260.  1,000  4.00  1.00  1.  3 


WiFLEET 

TINE 

WL'ISEF  OF 

IWMBtR  U' 

NVBEP  OF 

HUMBER  OF 

RFC  DOLLAR  1 

ID  « 

JNTK'ttOUCtC 

ENGJUia 

1N3PS.V;  1  lOJoa  WEPl J.C  MEHT8 

FAILURES 

PER  ENOIHt 

1 

0. 

374 

2t49 

1i9.i 

0 

19659. 

2 

756. 

S75 

SCFC- 

5196 

0 

19677. 

5 

1500. 

375 

2249 

110'. 

0 

20157. 

4 

22E0. 

375 

'<*24> 

1)79 

0 

20200. 

TOTALS' 

150C 

8997 

Arsz 

0 

20023. 

K-16 


1500  DISK  SKIP  CASE-KI  RES  PROEE  INSPECTION 

INSPECTION  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOMABLE  FAILURE  PROBABILITYsO.OCOS. 


XFiMIN  i  XNMAX ,  XNPl .  S  ASS ,  AL  .1 

BET.XEFF.IPR 

5  750, 

.  75000.  15260.  1 

.000  4. CO 

1.00  13 

SUBFLEET 

TIME 

NUMBER  OF 

NUMBER 

OF 

NUMBER  OF 

NUMBER  OF 

RFC  dollar  gain 

ID  * 

INTRODUCED 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

1196 

0 

19859. 

2 

760. 

376 

2250 

1196 

0 

!9877. 

3 

1500. 

375 

2.'!49 

11SI 

0 

20157. 

4 

2260. 

375 

2249 

1179 

0 

20200. 

TOTALS! 

1500 

6997 

4752 

0 

20023. 

E-47 


1500  DISK  SKIP  CA5E-HI  RES  PROBE  INSPECTION 

INSPECTION  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROBABILXTY^O.OStO. 
XNMIN.XNMAX.XNPI.SASS.AL.BET.XEFF.IPRs  750.  75000.  15260.  1.000  4.00  1.00  1.  3 


SUSFLFET  Tint  htJnbtK  Or  NiiKoER  OF  KUS-CtR  Of  WJS15ER  OF  RFC  DOLLAJ?  SAIH 
10  «  INTRODUCED  ENCINES  INSPECTIONS  REPLACEMENTS  FAILURES  PER  EHSINE 


1 

0. 

375 

1789 

1066 

0 

22704. 

2 

750. 

375 

1704 

1038 

0 

23285. 

3 

«SOO. 

375 

-1771 

1002 

0 

24012. 

4 

2250. 

375 

1773 

1032 

0 

23394. 

TOTALS! 

1503 

/117 

4138 

0 

23349. 

1500  DISK  SKIP  CA3E-KI  RES  PROBE  INSPECTION 

INSPECTION  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROBABIUTY»0  .OOtO. 
XHMIH.XNMAX.XNPI.SASS.AL.BET.XEFF.IPRr  750.  75000.  15E60.  1.000  4.00  1.00  1.  ■*. 


SUBFLEET  TIME  NUMBER  OF  NUMBER  OF  NU  3ER  OF  HUMBER  OF  RFC  DOLLAR  SAIN 
10  »  INTROOUCED  ENGINES  INSPECTIONS  REPUVCEKENTS  FAILURES  PER  ENSXNC 


1 

0. 

3T5 

1512 

927 

0 

25615 

2 

750. 

375 

1514 

935 

0 

25489 

3 

1500. 

375 

1490 

876 

0 

26642 

4 

2250. 

375 

1519 

931 

0 

25566 

TOTALS! 

1500 

*035 

3671 

0 

25828 

£-40 


150C  DISK  SKIP  CASE-HI  DES  PROBE  INSPECTION 

INSPECTION  TINE  SPECIFIED  MITH  STATISTICAL  UPDATE.  NAX  ALLOWABLE  FAILURE  PROBABILITYsO.OOSO 
XTmN,XNNAX.>»<PI,SASS,AL»BET,XEFFiIPR=  750.  75000.  1SS60.  1.000  4.00  1.00  1.  3 


5UPFLEET 

TIME 

NWBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

ID  0 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

124U 

763 

0 

28657. 

2 

750. 

375 

1240 

771 

1 

23583. 

3 

1500. 

375 

1236 

748 

0 

29377. 

4 

2250. 

375 

1220 

753 

0 

29282. 

TOTALS  I 

1500 

4944 

3055 

1 

27725. 

E-60 


1500  DISK  SKIP  CASE-HI  RES  PROBE  IHSPECTIOH 

INSPECTION  TINE  SPECIFIED  MITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROBABILITY>O.OIOO 


XNMIN , XNMAX , XNPI , SASS . AL . 

BET.XEFF.IPR 

=  750. 

.  75000.  15260.  1 

.000  4.00 

1.00  1.  3 

SUBFLEET 

TIME 

NUMBER  OF 

NUMBER 

OF  NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

10  « 

INTROOOCEO 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

1016 

626 

4 

10588. 

2 

750. 

375 

1101 

705 

1 

249V 7. 

3 

1500. 

375 

■1260 

780 

0 

28724. 

4 

2250. 

375 

1224 

762 

0 

29104. 

TOTALS* 

1500 

4601 

2873 

5 

23348. 

E-»1 

1500  DISK  SKIP  CASE-HI  RES  PROBE  INSPECTION 

r>’iPECTXON  TIME  SPECIFIED  HITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROBABILITYbO.OEOO. 
^JRIlN.XNMAXiXNPl.SASSiALfBETiXEFF.IPR:  750.  75000.  15E0P.  1.000  4.90  1.00  1.  3 


lUB.-XEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

!  ■;  B 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

868 

498 

5 

7894. 

** 

7B0. 

375 

1019 

425 

2 

21292. 

3 

1500. 

575 

1032 

430 

0 

31844. 

4 

2250. 

375 

1008 

409 

0 

32279. 

TOTALS' 

1500 

3927 

E362 

7 

C33EB. 

T 

i 


E“52 


1500  DISK  8TN0  CASE-HI  UE8  PKOB£  1H5'/.  (*HAr=.1*5) 
INSPECTION  TIME  SPECIFIED  WITH  CONSIANT  SUKtTY  FACTOfl.  SF<2.00. 


XNHIN .XNHAX . XNPl > SASS . AL , ! 

BET.XEFF.IPR 

=  750. 

7&0.  15260.  1 

.000  4.00 

1.00  1.3 

SUBFLEET 

TIME 

NUMBER  OF 

HUMBER  OF 

HLP'.OER  of 

NUMBER  OF 

RFC  DOLLAR  SAIN 

10  0 

INTRODUCED 

EN6INZS 

INSPECTIONS  replacements 

FAILURES 

PER  CWJINE 

1 

0. 

375 

2249 

694 

0 

29897. 

2 

750. 

575 

2249 

679 

0 

30197. 

3 

1509. 

375 

2250 

666 

0 

30076. 

4 

2250. 

375 

22.50 

6B0 

1 

24863. 

TOTALS! 

1500 

8996 

2739 

1 

28758. 

E"53 

1500  DISK  STND  CASE-HI  RES  RIOBE  INSP.  (ArtAT=.1S5> 

INSPECTION  TIME  SPECIFIED  HITH  COF^STANT  SAFETY  FACTW.  SF-^.OO. 

XNniN.XNt1AX.XHPI.SASS.AL.eCT.XEF(-,IPR«  750  .  750.  15200.  1.0CO  4.00  1.00  1.3 


«9t  me  t  K  r- Y 

bVW  t 

aa*.mm  yse 

■  WFAAiAVn  w« 

•.Art  m  Me 
t«V«  HAVAS  vt 

•4^  0^ 

t*WI  HAVS  Wi 

MPM  nMI  1  AHI  1 
V  WWVVAHE  ' 

10  » 

INTRODUCED 

ENGINES 

INSPECTIONS  REPUCEMENTS 

FAILURES 

PER  ENGINE 

t 

0. 

375 

2249 

957 

0 

24637. 

2 

750. 

375 

2250 

952 

0 

E4756. 

3 

1509. 

375 

■2250 

927 

0 

25256. 

A 

2250. 

375 

8249 

945 

0 

24877. 

TOTALS) 

1500 

8996 

3781 

0 

24882. 

1500  DISK  STND  CASE-HX  RF.S  FROaF  IHSP.  (AHATo.lES) 

INSPECTION  Tine  SPECIFIED  HITH  CONSTANT  SAFETY  FACTOR.  SF^O.OO. 

XNniN>.Kt«1AX>>!NPIi3ASS»A'.«BETiXEFF.IPK«  750.  m.  15E60.  1.000  4.00  1.00  I.  3 


SUBFLCET 

TINE 

NIPBFR  OF 

>»iKaF.»  OF 

NUKIER  OF 

MJM8ER  OF 

RFC  DOLLAR  1 

ID  « 

INTHOOUCeo 

ENGINES 

IHSFECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

575 

2249 

1075 

0 

22277. 

2 

750. 

575 

2254 

1083 

0 

22137. 

3 

1500. 

375 

2250 

1043 

0 

22936. 

4 

2250. 

375 

2248 

1110 

0 

21398. 

TCTALSi 

150S 

•997 

*319 

0 

22187. 

4- 


E>10 


E-SS 


1500  DISK  STNO  CASE-HI  RES  l>ROeE  XN5P.  IAHAT<.500)  ^ 

IK5PECTI0N  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF»£.0O. 


XltllN ,  XNMAX ,  XNPI ,  SASS .  AE  • 

BET.XEFF.IPR 

=  750. 

750.  15ES0.  1 

.000  4.00 

1.00  1.  3 

SUbFlEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  6A1N 

ID  • 

INTRODUCED 

ENSIKE3 

INSPECTIONS 

REPUCEHENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2240 

eao 

0 

30177. 

2 

750. 

375 

2249 

«60 

0 

50577. 

3 

1500. 

375 

2250 

677 

1 

2494'' 

4 

E£50. 

375 

2250 

651 

1 

25443. 

TOTALS! 

1500 

e99B 

2660 

2 

27764. 

E-S« 


1500  DISK  STNO  CASE-HI  RES  PROBE  INSP.  (AHAT3.500) 
INSPECTION  TIME  SPECIFIED  HITtl  CONSTANT  SAPETY  FACTOR.  SFB4.00. 


XNMIN.XNMAX.XNPI.SASSiAL.BET.XEFF .IPRs  750. 

750.  15260.  1 

.000  4.06 

t.OO  1.  3 

SUBFLEET 

TIME 

HUMBER  OF 

NUTRER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

ID  0 

IKTR03UCC0 

ENGINES 

INSPECTION  REPLACEMENTS 

FAILURES 

PER  ENBlNt 

1 

0. 

375 

2249 

957 

0 

24637. 

2 

750. 

375 

22.50 

952 

0 

24756. 

3 

1500. 

375 

-2250 

927 

0 

2S256. 

4 

2250. 

375 

£249 

945 

0 

24677. 

TOTALS! 

1509 

6990 

3761 

0 

24M2. 

€-»f 

1500  DISK  STNO  CASE-HI  RES  PROBE  INSP.  IAHAT>.500) 

INSPECTION  TIME  SPECIFIED  HITH  CONSTANT  SAFETY  FACTOR.  SF=6.00. 

XNMIN.XMlAX.XHPI.SASS.AL.BET.XEFF.IPRa  750.  750.  15E6Q.  1.000  A. 00  1.00  1.3 


SUBFLEET 

TIME 

HUMBER  OF 

NUMBER  UF 

HUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

ZD  « 

INTRODUCED 

EHGINES 

INSPECTIONS  REPUCEHENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

5249 

1075 

0 

E2277. 

2 

750. 

375 

E250 

1003 

0 

«157. 

3 

1500. 

375 

2250 

1043 

0 

Et9S6. 

4 

2250. 

375 

2240 

me 

0 

t159S. 

TOTALS! 

1500 

«997 

4319 

0 

*2107. 

E-20 


E-68 


1500  DISIC  STU)  CA5E-HI  RES  PROBE  !HSP.  (AHAT=HU6E) 
ItlSPECTIOM  TIME  SPECIFIED  WITH  COMSTANT  SAFETY  FACTOR.  5F»e,00. 


XNhIN , XNMAX , XNPI .SASS . AL > 

BET>XEFF.IPR«  750. 

750.  15260.  1 

.000  4.00 

1.00  1.  3 

SUBFLEET 

TIKE 

MOIBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  CAIN 

10  • 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACFNENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2240 

600 

0 

30177. 

2 

750. 

375 

2244 

660 

0 

30577, 

3 

1500. 

375 

2250 

677 

1 

24941  . 

4 

2250. 

375 

2250 

651 

1 

25443. 

TOTALS* 

1500 

0090 

266S 

2 

277B4. 

E-59 

1500  DISK  STNO  CASE-HI  RES  PROBE  INSP.  IAHATSJ6E) 

IMSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR  SF-4.00. 

XNMIN.X1«1AX.XNPI,SASS,AL.BET,XEFF,IPR>  750.  750.  1SEA0.  1.000  4.00  1.00  1.3 


SUBFLEET 

TIME 

NUMBER  OF 

HUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

ID  « 

IKTROO'JCEf 

ENGINES 

INSPECTIONS  REPIACEHENTS 

FAILURF.S 

PER  ENGINE 

1 

0. 

375 

2249 

957 

0 

24637. 

2 

750. 

375 

2250 

952 

0 

24756. 

3 

1500. 

375 

.2250 

927 

0 

25256. 

4 

2250. 

375 

2249 

945 

0 

24B77. 

TOTALS* 

1500 

B99B 

3761 

C 

24BB2. 

1500  DISK  STHD  CASC-Hl  RES  PROBE  INSP.  (AHATsHUGE) 

INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF«6.00. 

XNniN.XNHAX.XNPI.SASS.AL.BET.XEFF.IPRi  750.  7.50.  I5E40.  1.000  4.00  1.00  1.3 


SUBFLEET 

TIME 

NUMBER  OP 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLUUC  ( 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  EHDINC 

1 

0. 

375 

2249 

1075 

0 

E2277. 

2 

750. 

375 

E250 

1CB3 

0 

22137. 

3 

1500. 

575 

2250 

1043 

0 

CE936. 

4 

t250. 

575 

224S 

me 

0 

21596. 

TOTALS* 

1500 

•V97 

4519 

0 

221B7. 

£'•21 


1500  5-HOLE  DISK  STND  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF<Z.OO. 

XNMIN.XHKAX.XNPI.SASS.ALiBET.XEFF.IPRs  750.  750.  15240.  1.000  A. 00  1.00  1.  3 


SUBFLEET 

TIME 

NUFSER  OF 

NUMBER  OF 

NUnSER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

575 

2250 

391 

1 

30654. 

2 

750. 

375 

2250 

363 

4 

15232. 

3 

1500. 

375 

2250 

400 

3 

19771. 

4 

2250. 

375 

2250 

360 

1 

30861. 

TOTALS 1 

1500 

9000 

1534 

9 

24129. 

€-62 

1500  5-HOLE  DISK  STND  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SFsA.OO. 

)(NniN,XHt1AX,XNPI.SASS.ALiBET>XEFF.IPR=  750  .  750.  1S260.  1.000  4.00  1.00  1.  3 


SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBFP  OF 

NUMBER  OF 

RFC  DOLUR  ( 

lu  W 

1  Kwu'VSpUW 

AVIA.# 

Mmt  Af'C’MPSITiS 
•\*.r 

FAILURES 

Bca  ruRTM 

1 

0. 

375 

2250 

583 

0 

32135. 

2 

750. 

375 

2250 

590 

0 

31995. 

3 

1500. 

375 

.2230 

584 

4 

10782. 

4 

2250. 

375 

2250 

601 

2 

21103. 

TOTALS 1 

1500 

9000 

2358 

6 

24004. 

€-63 

1500  5-HOLE  DISK  8TN0  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  HITH  CONSTANT  SAFETY  FACTOR.  SF^O.OO. 

XNHlN,XNNAX,XNPI,SAS3.AL.BET,XEFFcIPR*  750.  750.  15240.  1.000  4.00  1.00  1.  3 


SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

FW1BER  OF 

RFC  DOLLAR  1 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

9. 

375 

2250 

743 

0 

26935. 

2 

750. 

375 

2250 

694 

0 

29915. 

3 

1500, 

375 

2250 

685 

3 

14077. 

4 

2250. 

375 

2250 

607 

1 

84722. 

TOTALS* 

1500 

9000 

1609 

4 

84412. 

E-22 


E~d4 


1500  5-HOLE  DISK  STNO  CA5E-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR,  SFsfl.OO. 

XNMIN,XNMAX.XNPl,SASS.ALtBET,XEFF,IPR=  750.  750.  15260.  1.000  4.00  1.00  1.  3 


SUBFLEET  TIME  NUMBER  OF  NUMBER  OF  NUtfOER  OF  FW1BER  OF  RFC  DOLLAR  BAIN 
ID  «  INTRODUCED  ENGINES  INSPECTIONS  REPLACEMENTS  FAILWJES  PER  ENGINE 

375  2250  795  0  27896. 

375  2250  748  1  23497. 

375  2250  786  1  22741. 

375  2250  762  1  23222. 

TOTALS!  1500  9000  5091  3  24339. 


1  0. 

2  750. 

3  1500. 

4  2250. 


1500  2-HOLE  DISK  STND  CASE -HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF*2.00. 


1 . XNMAX  fXNPI.SASS.ALt 

BET.XEFF.IPR 

s  750* 

750.  15260.  1 

.000  4.00 

f.oo  1.  ; 

SUBFLEET 

TIME 

NUnbtN  uf 

HvwEk  of 

NunotH  ur 

rAiroER  Or 

Krt.  ovLipAr  : 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PLR  ENGINE 

1 

0. 

375 

2250 

176 

3 

24307. 

2 

750. 

375 

2250 

156 

5 

24671. 

3 

1500. 

375 

2249 

162 

7 

3158. 

4 

2250. 

375 

2250 

188 

4 

18673. 

TOTALS! 

1500 

0999 

682 

17 

17702. 

E-W.. 

1500  2-HOLE  DISK  STND  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  NITH  CONSTANT  SAFETY  FACTOR.  SF>4.00. 

XNHIN>XrttAX.XNPI,SA33>AL>BET»XEFF«IPR>  750.  750.  15260.  1.000  4.00  1.00  i.  3 


SUEFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

IB  R 

INTRODUCED 

ENGINES 

INSPECTIONS  REPUCEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

376 

2259 

264 

2 

27862. 

2 

750. 

375 

2250 

262 

2 

27890. 

3 

1500. 

375 

2249 

257 

2 

27964. 

4 

2250. 

375 

2250 

280 

4 

16072. 

TOTALS! 

1500 

0999 

1063 

10 

25149. 

E-29 


E-®T 


1500  Z-HOLE  DISK  STND  CASL-HI  SES  PliOeE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SFS6.0C. 


1  ■ XNMAX . XNPI . SAS3 , AL . 

BET.XEFF.IPR 

=  750. 

750.  15260.  1 

.000  4.00 

t.oo  1.  : 

SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

ID  0 

INTROOUCED 

ENGINES 

INSPECTIONS 

REPUCEMENTS 

FAILURES 

PER  ENGINE 

1 

9. 

37S 

2250 

329 

2 

26567. 

2 

750. 

375 

2249 

312 

0 

37534. 

3 

1500. 

375 

2250 

332 

0 

37154. 

4 

2250. 

375 

2250 

353 

3 

20733. 

TOTALS* 

1500 

8999 

1326 

5 

30496. 

E-ee 


1500  8-HOEE  DISK  STND  CASE -HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  KITH  CONSTANT  SAFETY  FACTOR.  SF=#.00. 


XNMIN. XNMAX. XNPI  .SASS.AL.I 

BET.XEFF.IPil 

!*  750. 

750.  15260.  1 

.000  4.00 

1.00  1. 

8LOFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NLR18ER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

ID  « 

j^MTOoniJCEp 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0- 

375 

2250 

372 

1 

31017, 

2 

750. 

375 

2249 

366 

0 

36454, 

3 

1500. 

375 

.  2250 

370 

1 

31047. 

4 

225C. 

375 

2250 

577 

2 

25596. 

TOTALS* 

1500 

6999 

1465 

4 

31029. 

E'-e9 

1500  1-HOLE  DISK  STND  CASE -HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF'E.OO. 

XNHIN>X^t1AX^XNPI,SASStALtBET>XEFF,lPR>  750.  750.  15E60.  1.000  A. 00  1.00  1.  3 


SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NIRVEH  OF 

RFC  DOLLAR  ( 

10  0 

INTRODUCED 

ENGINES 

INSPECriONB  REPUCEMENTS 

FAILURES 

PER  EKvilNE 

1 

0. 

375 

2250 

103 

3 

2  711. 

2 

750. 

375 

22SQ 

90 

7 

4419. 

3 

1500. 

375 

2250 

105 

7 

4355. 

4 

2250. 

375 

2250 

99 

9 

-6207. 

TOTALS* 

1500 

9000 

397 

26 

7119. 

6-24 


I 

I 


E-70 


1500  l-HOLt  DISK  STKO  CASE-HI  RES  PHOBC  INSPECTION 
INSPECTION  Tint  SPECiriEO  WITH  CONSTANT  SAFETY  FACTOR.  SF=4.C0. 


N , XNMAX . XNPl , SASS , At. 

BET.XEFFfIPfi 

s  750. 

750.  15260, 

1.000  4.00 

1.00  1.  3 

SL'SFLEET 

TIME 

NUMBER  or 

NUMBER  or 

NUMBER  OF 

NUMGER  OF 

RFC  COLLAR  GAIN 

10  » 

INTRODUCED 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2250 

159 

3 

24615. 

2 

750. 

375 

2250 

ira 

6 

9232. 

3 

1500. 

375 

2250 

153 

5 

14066. 

A 

2250. 

375 

2250 

154 

7 

3362. 

TOTALS* 

ISOu 

9000 

594 

21 

12619. 

1500  1-HOLE  DISK  STiO  CASE -Ml  RES  PROBE  INSPECTION 
INSPECnON  TIHE  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF:6.00. 

XNt1IN,XNF.AX,XNPIiSA8S,AL,BET,XEFF.IPP*  750.  7S0.  15260.  1.000  4.00  1.00  1.  3 


SUBFLEET 

TIME 

NUMBER  OF 

NU10EH  OF 

NUMBER  or 

NUMBER  OP 

RFC  DOLLAR  1 

10  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2250 

195 

2 

29406. 

2 

750. 

375 

2250 

169 

2 

29721 . 

5 

1500. 

375 

2250 

179 

5 

13540. 

4 

2250. 

575 

2250 

1B1 

9 

-7050, 

TOTALS* 

1500 

9000 

714 

ie 

16207. 

E~7* 


1508  1-HOL;  disk  5T^  C.a.SE-HI  RFS  probe  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SFi^T.OO. 


X)niN,XNriAX.XNPl.SASS.AL>BET>XCFF.IPR=  750.  750.  15E60.  1.000  4.00  1.00  1.  3 


SUBFLEET 

TIHE 

NUMOER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

ID  1* 

INTROOUCEO 

ENGINES 

INSPECTIONS  HEPLACEKEHTS 

FAILURES 

PER  engine 

1 

0. 

375 

2250 

226 

1 

53936. 

2 

750. 

375 

2250 

213 

3 

23500. 

3 

15C0. 

375 

2250 

199 

3 

23007. 

4 

2250. 

375 

2250 

230 

7 

1600. 

TOTALS* 

1500 

9009 

076 

14 

20734. 

E-26 


E-73 


1500  5-MOLE  OISK  STND  CASE-MI  RES  PROBE  INSPECTION 
INSPECTION  TINE  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROOABILm>O.OOIO. 


XNMIN . XNNAX , XNPI . SASS 1 AL , 

BET.XEFFilPR 

=  750. 

750.  15260. 

1.000  4.00 

1.00  1.3 

SUBFLEET 

TIME 

NUMBER  OF 

NUIBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

10  • 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2250 

67A 

0 

26236. 

2 

750. 

375 

2250 

652 

1 

21416. 

J 

1500. 

375 

2250 

650 

1 

21462. 

4 

2250. 

375 

2250 

656 

0 

26635. 

TOTALS < 

1500 

9000 

3436 

2 

23936. 

E-74 


1500  5-HOl.E  DISK  STND  CASE -HI  RES  PROBE  INSPECTION 
INSPECTION  TINE  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROBABILITY^O.OOSO. 

XNMIN,XNHAX,XNPI,SASS,AL,9CT,XEFF.IPH=  750.  750.  15260.  1.000  4.00  1.00  1.  3 


SUBFLEET 

TIME 

NUMBER  OF 

HUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

ID  « 

IHTROOICED 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

37S 

2250 

650 

0 

26796. 

2 

750. 

375 

2250 

030 

1 

21657. 

3 

1500. 

375 

2250 

B03 

0 

27736. 

4 

2250. 

37S 

2250 

779 

1 

22662. 

TOTALS' 

1500 

9000 

3262 

2 

24818. 

E-75 


1500  5-HOLC  OISK  STND  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROBABIHTY=O.OZOO. 

XNMIN,XNMAX,XNPI,SASS,AL,BET.XEFF.IPR-  750.  750.  15260.  1.000  4.09  1.00  1.3 


SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

ID  > 

INTRODUCED 

ENGINES 

INSPECTIONS  REPUCEHENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2250 

727 

0 

29255. 

2 

750. 

375 

2250 

643 

0 

30935. 

3 

1500. 

375 

2250 

542 

4 

11600. 

4 

2250. 

375 

2250 

452 

4 

13446. 

TOTALS' 

1500 

9000 

2364 

8 

21309. 

E-2e 


E-7e 


iSOO  2-HOLE  DISK  STND  CASE-HI  SES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  UITH  STATISTICAL  UPDATE.  HAX  ALLOHABLE  FAILURE  PROBABlLITY'<0.e010. 

XNMIN.XNMAX,XNPI,SASS.AL,BET,XEFF,1PR=  750.  750.  15260.  t .000  <*.00  1.00  1.3 


SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

ID  » 

INTRODUCED 

ENGINES 

INSPEC'iTONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

225'J 

455 

1 

*9357. 

2 

750. 

375 

2249 

442 

0 

34934. 

3 

1500. 

375 

2250 

453 

0 

34734. 

4 

2250. 

375 

2250 

456 

2 

23976, 

TOTALS ■ 

1500 

6999 

1600 

3 

30750. 

E-77 


1500  2-riOtE  DISK  STHO  CASE-HI  RES  PROBE  iNSPECTIOl' 

INSPECTION  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROBABILlTYsO.OOSO. 

XM1IN,XNMAX,XNPI,SA3S,AL,BET,XEFF,IP3=  750.  750.  15260.  1.000  4.00  1.00  1.  3 


SCRFI.FFT  TIME  HUfF.E.'J  OF  IJUTEES  OF  1SXSER  OF  riviriotR  wr  ififC  OCILAR  &AIM 
ID  «  INTROQbCeO  engines  INSPECTIONS  REPLACEMENTS  FAILURES  P5R  ENRINE 


1 

0. 

375 

2250 

451 

1 

29637 

2 

750. 

375 

2249 

402 

1 

30407 

3 

:500. 

375 

2250 

374 

0 

36314 

4 

2250. 

375 

2250 

355 

2 

254 3« 

TOTALS* 

1500 

6999 

1592 

4 

30499 

1500  2-HOLE  DISK  STND  CASC-HX  RES  PROBE  IlFiPECTlOK 
INSPECTION  TIME  SPECIFIED  NITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROBABILITYxO.OEOO. 

XNt1IN,XNHAX,XNPI,SA5S,AL,BET*XEFF,IPR8  7S0  .  750.  15E60.  1.000  4.00  1.00  1.  3 


SUCFLEET 

TIME 

NUMBER  Of 

HllieCR  OF 

NUMBER  or 

KU1»ER  0» 

RFC  DOLLAR  1 

7.0  • 

INTROUXEO 

ENGINES 

JMSMECTIONS  REPLACEMLNIS 

failures 

PER  engine 

1 

0, 

375 

E250 

3*7 

2 

2^602. 

X 

750. 

375 

2*50 

267 

2 

27413. 

3 

1500. 

375 

2249 

261 

4 

17200. 

4 

2250. 

375 

2250 

269 

8 

-4474. 

TOTALS  I 

1500 

6999 

1164 

16 

16635. 

6-*7 


E-7® 


1500  1-HOLC  DISK  S1ND  CASE-HT.  RES  PROBE  INBRECT1C.N 
INSPECTION  TItlE  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOMABLE  FAILURE  PROeABILITY=O.OOtO. 


XNHSNtXmAX.XNPI.SASS.AL.BET.XEFF.IPR 

s  750. 

750.  15260.  1 

.000  6.00 

1.00  1.  : 

SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

HUMBER  OF 

HUMBEP  OF 

RFC  DOLLAR  1 

10  « 

INTRODUCED 

ENGINES 

INSPECTIONS 

REPUCEMENTS 

FAILURF.S 

PER  ENGINE 

1 

0. 

375 

2250 

269 

1 

33076. 

E 

750. 

375 

2250 

249 

5 

22766. 

3 

1500. 

375 

2250 

263 

3 

22527. 

6 

2250, 

375 

2250 

277 

6 

6261. 

TOTALS  t 

1500 

0000 

lose 

13 

21158. 

E-80 


ItOO  1  HOLE  DISK  STNO  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIEu  HITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PR3BABILTTY*0.0050. 

Xrt1IN.X>«1AX.XNPI,SASS.ALiBET.XEFF.lPRs  755.  750.  15260.  1.000  4.00  1.00  1.  3 


SUBFLEET 

▼IME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

ID  Z 

INTROQUCEO 

ENGINES 

I1.*SP£CTia,*3  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2250 

259 

1 

33276. 

2 

750. 

375 

2250 

239 

3 

22967. 

3 

1500. 

375 

2250 

261 

3 

22567. 

6 

2250. 

375 

'2250 

269 

6 

6601. 

totals* 

1500 

9000 

1026 

13 

21306. 

E>ei 


1500  l-KOLE  DISK  STNO  CASE-HI  RES  PROBE  INSPECTION 
INSPECTICN  TIKE  SPECIFIED  NITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROBABILITY«C.0200. 

XNMlK.XNKAX,X?tPI,SA3S.AL>BET.XErF.IPR>  750  .  750.  15Z60.  1.000  6.00  I.OD  I.  3 


SUBFLEET 

TIME 

NUMBER  OF 

HUTBER  OF 

NUMBER  OF 

HUMBER  OP 

RFC  DOLLAR  OAIN 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAXUjRES 

PER  ENBUe 

1 

0. 

375 

2250 

233 

2 

26668. 

2 

750. 

375 

2250 

213 

3 

23507. 

3 

1.5C0, 

37,1 

2250 

216 

3 

23667. 

6 

2250. 

3,’S 

2250 

246 

7 

1927. 

TOTALS* 

1500 

9000 

906 

IS 

19237. 

C-28 


e-a2 


1500  DISK  5 1  NO  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF*2.00. 

XNHIN.XHMAX,XNPI.SA3SiAL,BET,XtFF,lPa=  750.  750.  5007.  1.000  A. 00  1.00  1.3 

SUBFIEET  TIME  NUMBER  OF  NUMBER  OF  NUMBER  OF  NUMBER  OF  RFC  DOLLAR  SAIN 
ID  •  INTRODUCED  ENGINES  INSPECTIONS  REPLACEMENTS  FAILURES  PER  ENGINE 


1 

0. 

175 

2249 

614 

1 

25759. 

2 

750. 

375 

2249 

596 

0 

31617. 

3 

15G0. 

375 

2250 

626 

1 

25961 . 

4 

Z250. 

575 

2250 

615 

1 

26163. 

TOTALS! 

1500 

8996 

2473 

3 

2742S. 

E-M 

1500  DISK  STNO  CASE- HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF'C.aO. 

XNMIN.XHMAX,XNPl,SAS3tAL,BET,XErF,lPR=  750.  750.  5007.  1.000  A. 00  1.00  5.3 


SUBFLECT 

TIME 

NUMBER  OF 

MJtBER  OF 

NUMBER  DF 

NUMOCR  Of 

RFC  DOLLAR  GAIN 

Tn  m 

TMTUftniirrn 

vki^ocrTTniMi 

BfDI 

OCD 

1 

0. 

375 

2249 

613 

0 

27517. 

2 

750. 

375 

2250 

633 

0 

27<:6. 

5 

1500. 

375 

2256 

Its 

0 

26136. 

4 

2250. 

375 

2249 

739 

1 

22672. 

TOTALS' 

I.S00 

6998 

3216 

1 

26365. 

1500  DISK  STNO  CASE -HI  RES  PKOBt  II^PECTIOp! 

INSPECTION  TIME  SPECIFIED  HITH  CONSTANT  SAFETY  FACTOR.  SF«3.30. 

XNMIN.XNHAK,XNPI,SA33.AL,BETfXEFF,IPH«  750.  750.  5067,  I.POC  A. OS  1,80  I.  3 


SUBFLELT 

TIME 

NUMBER  OF 

NUMBER  01' 

t*HBER  OF 

MUNSftR  or 

RFC  DDLLAR  ( 

10  t 

IKTROOUCZO 

eiiCtNES 

INSPECTIONS  EI>r*LACEKfNnS 

FAlLURtS 

PEL'  ENJINE 

1 

0. 

375 

f2A? 

912 

0 

25S37. 

2 

750. 

375 

2150 

693 

0 

26936. 

3 

I50C. 

375 

2250 

6S3 

0 

26136. 

A 

2250. 

375 

2249 

649 

0 

26797. 

TOTALS' 

1500 

•99B 

3557 

0 

26192. 

S-2t 


E-as 


1500  DISK  STND  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  NITH  COMETAMT  SAFETY  FACTOR.  3Fi4.0tl. 

XW1IM.XHMAX,XNPI,SAS3,AL,BET,XCFF,IPR=  7S0.  750.  5007.  1.000  4.00  1.00  I.  3 


JUPFIEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

WIKSER  OF 

RFC  DOLLAR  1 

in  * 

INTRCnUCED 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2244 

993 

0 

2391V. 

2 

750. 

375 

2250 

970 

0 

24397. 

1500. 

375 

2250 

974 

0 

24314. 

•* 

2250. 

375 

2246 

1015 

0 

23456. 

TOTALSi 

1500 

6997 

3952 

0 

24022. 

c-a® 

1500  DISK  STND  CASE-HI  RES  PROBE  INSPECTION 
IJJSPECTION  TIME  SPECIFIED  NITH  CONSTANT  SAFETY  FACTOR.  SFeS.OO. 

XNHIHiXNHAX.XNPI,SASS>AL>eETiXEFF>IPRr.  750.  750.  50S7.  1.000  4.00  1.00  t.  3 


SUBFLEET 

TIME 

NUMBER  OF 

fumber  of 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

IR  S 

INTRODVCED 

ENSIHES 

lHSPECTI‘.»a  REPUCEMENT5 

FAIL'JHES 

PER  ENGINE 

1 

0. 

375 

2249 

1135 

0 

21077. 

2 

750. 

375 

2250 

1135 

0 

21097. 

3 

150U. 

375 

2249 

1101 

0 

21757. 

4 

2250. 

375 

2249 

1157 

0 

21037. 

TOTALSi 

1500 

6997 

4506 

0 

21242. 

1500  DISK  STMO  CASE-Kl  RES  PROBE  INSPECTION 
IHSPtCriON  TIME  SPECIFIED  HITM  CONSTANT  SAFETY  FACTOR.  SFt'E.OO. 


TOtllN.XNMAX.KNPI  .SASStAL.i 

BET,XEFF,IPR=  750. 

750.  45781.  1 

.000  4.00 

1.00  1.5 

SUBFLEET 

TIME 

HUMBER  OF 

NUMBER  OF 

HLMBER  OF 

HUMBER  OF 

RFC  DOLLAR  BAIN 

ID  • 

INTRODUCED 

ENGINES 

INSPECTIONS  REPUCEMENTS 

FAILURES 

KR  ENGINE 

1 

0. 

575 

2246 

ei4 

0 

27477. 

2 

750. 

375 

2250 

795 

0 

27694. 

3 

1S00. 

37S 

2250 

806 

0 

27476. 

4 

2250. 

37S 

2250 

762 

1 

23223. 

TOTALSi 

1500 

6996 

T.;77 

1 

26568. 

E-30 


E-88 


:500  DISK  STHD  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TINE  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SPsA.OO. 


XNMIN.XHMAX.XNPI, 

.SASStAL) 

BET.XEFF.IPR 

=  750. 

750.  45761.  1 

.000  4.00 

1.00  1.  ; 

SL«FLEET 

TIME 

NUMBER  or 

NUMBER  OF 

NUMBER  Of 

NUMBER  OF 

RFC  DOLLAR  1 

10  0  INYROOUCEO 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

E249 

999 

0 

23797. 

? 

750. 

376 

2250 

994 

0 

£3916. 

3 

1500. 

375 

2250 

962 

0 

£4556. 

4 

2250. 

375 

2240 

99S 

0 

£3057. 

TOTALS  1 

1500 

6997 

3950 

0 

£403£. 

E-80 

1500  DISK  3TH0  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF«6.00. 

XM1INiXHnAX,XNPI>SA3S«AL>BET,XEFF.IPR=  750.  750.  45761.  1.600  4.00  1.00  1.  5 


SUBFLEET 

TIME 

NUMBER  OF 

HlTOEff  Of 

NUMBER  Of 

NUMBER  OP 

RFC  DOLUR  OklH 

66 

gu^Ture 

BKOI  ArcitfkrT* 

rATI 

ppo  tuerijr 

1 

0. 

375 

*249 

1075 

0 

£2277. 

£ 

750. 

375 

£250 

1060 

0 

£2437. 

3 

1500. 

375 

2250 

1046 

0 

££676. 

4 

2250. 

375 

£248 

1114 

0 

£1476. 

TOTALS  1 

1500 

•997 

4303 

0 

£££67. 

600  DISK  OLD  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  HITH  CONSTANT  SAFETY  FACTOP.  SPsE.OO. 


XNMIN ,  XNM  A.X  >  XNP I  r  S  ASS  1 A  L  > 

BET.XEFF.IPR 

»  600. 

750.  45761.  1 

.000  4.00 

1.06  1.  : 

SUOFLEET 

TIME 

NUMBER  OF 

N0M3FR  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  I 

ID  * 

INTRODUCED 

ENGINES 

INSPECTIONS  HEPLACEMEWrS 

FAILURES 

PER  CNCINE 

1 

0. 

£00 

4930 

869 

1 

•6043. 

£ 

0. 

£00 

4990 

635 

£ 

76655. 

3 

0. 

£00 

4925 

905 

0 

95500. 

4 

0. 

£00 

5010 

611 

5 

49651 . 

TOTALS  1 

600 

19655 

3440 

e 

775t£. 

E-®1 


E-91 


800  DISK  01.0  CASE-HI  RES  PROBE  XNSPECTI.JN 
IK3PECT10H  TIME  SPECIFIED  WITH  CONSTAST  SAFETY  F-tCOWi  SF=2.80. 


XNMIN ,XH1AX . XNPI , SASS , AL . BET , XEF F , IPR 

=  500. 

750.  45781 .  1 

.000  4.00 

1.00  1,  3 

SUCFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMe'i;  OF 

HUMBER  OF 

RFC  DOLLAR  SAIN 

10  « 

INTRODUCED 

ENGINES 

INSPECTICNS  REPLACFMEN1S 

FAILURES 

r’ER  EE^INE 

1 

0. 

200 

4800 

1009 

0 

^«069. 

2 

0. 

200 

4830 

985 

2 

71254. 

3 

0. 

200 

4881 

940 

1 

83595. 

4 

0. 

200 

4856 

967 

3 

62289. 

TOTALS! 

800 

143V6 

3901 

6 

765i1S . 

E-«2 

800  DISK  OLD  CASE-HI  RES  PROBE  INSPECTION 
IMSPECTIOH  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR,  SFt.^.5C. 


miIN,XNMAX,XNPI.SASS>AL, 

BET.XEFf ,IPR 

=  500. 

750.  45781.  1 

,000  4.03 

i.oe  1.  : 

SUSFLEET 

TIME 

KL?1D£R  OF 

NUMBER  OF 

NUMBER  OF 

N'-A'IOtR  W 

RFC  UOLLAR  1 

ID  e 

INTRUUUCEO 

ENGINES 

IHSPCCTIOHS  REPLACEMENTS 

FAll.URES 

PER  EWjlNE 

1 

0. 

?.00 

4766 

1055 

s 

S7D62. 

p 

0. 

200 

4768 

lost 

1 

75155. 

3 

q. 

200 

.4806 

1019 

c 

8964S. 

4 

0. 

200 

4746 

1C30 

1 

7e5oe. 

TOTALS! 

800 

19086 

4205 

5 

75667. 

eOO  DISK  OLD  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPfCIFIEO  HITK  CONSTANT  SAFETY  FACTOR.  8F»4.W. 

>OmiH>XI>MAX,XNPI,S>SS.AL,eETiXEFF,IPR'<  500  .  750  .  45701.  1.000  O.CA  f.O?  t.  ^ 


SUBFLEET 

TIMF 

TIMBER  OF 

NUMBER  OF 

HUMBER  OF 

NUMBER  OF 

RFC  WOLUR  i 

ID  « 

IKlROOUClO 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAI1URES 

PER 

1 

0. 

200 

4733 

1057 

0 

P436?. 

2 

0. 

200 

4607 

1218 

1 

70963. 

3 

0. 

206 

4585 

1241 

1 

OG-JCO. 

4 

e. 

200 

4829 

993 

3 

40957. 

TOTALS' 

800 

16754 

4539 

5 

7tS7S. 

E-04 


eoo  DISK  OLD  CASE-HI  RES  PROOE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SFsS.OO- 


XHi  IH,XHttAX,XNPI,SAS3,AL.BET,XEFF,IPR 

:  500. 

750.  45761.  1 

.000  4.00 

•.00  1.3 

SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  OOLUR  6AIH 

1C  * 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEHEHTS 

FAILURES 

PER  ENGINE 

\ 

0. 

200 

4569 

1235 

• 

69175. 

2 

0. 

200 

4541 

1268 

0 

76710. 

3 

0. 

200 

450e 

•  239 

2 

59042. 

4 

0. 

200 

4604 

•  227 

0 

79723. 

TOTALS- 

fiOO 

IB322 

4989 

3 

71163. 

E-95 

600  DISK 

OLD  CASE- 

HI  RES  PROBE 

INSPECTION 

IMnPECTION  TIME  SPECIFIED  MITM  CONSTANT 

SAFETY  FACTOR.  3F=6.00. 

XNMIN.XNHAX.XNPl.SASS.ALtBETtXEFF.IPR*  500.  750.  45781.  1.000  4.00 

T.OO  1.3 

S'JSFLEET 

TIMF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF  NUMBER  OF 

RFC  DOLLAR  CAIN 

io  t' 

INTRODUCED 

EUOINES 

INSPECTIONS  REPLACEMENTS  FAILUKtS 

Per  ENGIrtE 

1 

0. 

200 

4375 

'.463  0 

66776. 

2 

0. 

200 

4469 

1347  0 

74035. 

3 

0. 

200 

-4501 

1326  2 

54779. 

4 

0. 

200 

4558 

1261  0 

77697. 

TOTALS' 

600 

17923 

5397  2 

6S722. 

aoo  DISK  OLD  CASE-NI  RES  PROBE  INSPECTION 
INSPECTION  TINE  SPECIFIED  NITH  C0H5TAH1  SAFETY  FACTOR.  $F«E.Oa, 

KNNIN.XNNAX.XNPI.SASS.AL.SET.XEFF.IPR^  509 .  75000 .  <>57«1 .  i  .000  A. 00  T.OO  1.3 


SUBFLEET 

TIME 

NUMBER  OF 

HUMBER  OF 

NUMBER  OF 

»M«E»  OF 

RFC  DOLLAR  1 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  EHCINE 

1 

0. 

200 

920 

516 

46 

-341945. 

2 

0. 

200 

630 

433 

33 

-257571 . 

3 

0. 

200 

958 

465 

43 

-309325. 

4 

0. 

EOO 

797 

402 

45 

-326109. 

TOT  AW 

eoo 

3505 

1616 

172 

>306736. 

E"S» 


E~e7 


eoo  DISK  OLD  CA3L-HI  RES  PROBE  INSPECTIDN 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF»8.9e. 

XNM1N.XNI1AX.X»1PI.$AS5.AL.BET.XEFF>XPR3  500.  75CC0.  45761.  1.000  4,00 


SUBFLEEV 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

ID  » 

INTRODUCED 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

1 

0. 

200 

91 1 

560 

50 

2 

0. 

200 

777 

429 

3/ 

3 

8. 

200 

891 

486 

42 

4 

0. 

200 

734 

427 

46 

TOTALS! 

800 

3313 

1902 

175 

£-06 

800  DISK  OLD  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  KITH  CONSTANT  SAFETY  FACTOR.  SF=3.30. 

XNMIH.XNMAX.XNPI,SASS,AL.BET,XEFF,IPR=  500.75000.45781,  1.000  4.00 


auor 

7Iu£ 

rTutiuLR  Cr 

cr 

AMIGJRWn  f\€- 
t>v>  W1 

in  MbCB  nr 

10  t 

INIROOUCEO 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

1 

0. 

200 

872 

565 

44 

2 

0. 

200 

740 

450 

39 

3 

0. 

200 

911 

555 

49 

4 

0. 

200 

808 

461 

37 

TOTALS" 

eoo 

3331 

2031 

169 

I 


I 


600  DISK  OLO  CASE'HI  RES  PRODE  INSPECTION 
INSPECTION  TIME  SPECIFIED  KITH  CONSTANT  SAFETY  PACTOR. 


SFS4.00. 


X»t11N,XNMAX,>iWPI,SA5S,AL,BeTvXEFF,IPH=  500.  75000.  45761.  1,000  4,00 


SUBFLEET 

TIME 

NUriBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

ID  6 

INTRODUCED 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

1 

0. 

200 

1062 

625 

£6 

2 

0. 

200 

1043 

600 

£8 

3 

0, 

200 

1100 

600 

32 

4 

0. 

200 

966 

555 

33 

TOTALS! 

800 

4196 

2366 

119 

1.00  1.  3 


RFC  DOLLAR  GAIN 
PER  ENGINE 

-363912. 

-247369. 

-300339. 

-LI7246. 

-317217. 


1.00  1.  3 

RFC  DDL!_*i!  G-AIH 
PER  ENSInE 

-324323. 

-266476. 

-373697. 

-249257. 

•303931. 


1.00  1.3 


RFC  DOLUR  GAIN 
PER  ENGINE 

-1467S7. 

-165402. 

-206065. 

-215290. 

-182879. 


i-34 


E-100 


800  DISK  OUO  CASe-HI  RES  PROBE  1K5PECT10N 
INSPECTIOli  TIME  SPECtEIED  WITH  C0M5TAMT  SAFETT  FACTOR.  SF*5.0C. 

XNmNiXHt1AX,XNP1.5ASSfALi3ET,XCFFiIPR=  500,  75000.  4578 1 .  1  .000  4.00  1  .00  1.  3 


SUSFIEET 

TIME 

NUMBER  OF 

number  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

in  « 

INTPCOUCEO 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

200 

1365 

680 

13 

-20201. 

*) 

0. 

200 

1511 

611 

16 

-46877. 

i 

0. 

200 

1404 

668 

15 

-39689. 

4 

0. 

200 

1337 

656 

IS 

-69014. 

TOTALS: 

800 

5417 

2615 

62 

-43945. 

E^iai 

800  DISK.  OLD  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  HITK  CONSTANT  SAFETY  FACTOR.  SF«6.00. 

XNMIN.XNMAX.XHPI.SASS.AL.BET.XEFF.IPRz  500.  75000.  45701.  1.000  4.00  1.00  1.  3 


SUrFLEET 

Tli.f 

NLIM8FR  OF 

r^uhocR  Or 

rwi 

NUMBER  C-F 

RFC  BOLLAB  ( 

to  « 

infroouceo 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

200 

1590 

775 

7 

35088. 

2 

0. 

200 

1598 

686 

9 

19545. 

3 

0. 

£00 

1608 

688 

12 

-10899. 

4 

0. 

200 

‘1518 

697 

9 

16946. 

TOTALS! 

800 

6314 

2846 

37 

15670. 

800  DISK  OtO  CASE-HI  RES  PROBE  INSPECTION 

INSPECTION  TIME  SPECIFIED  HITH  STATISTICAL  UPDATE.  NAX  ALLOUABLE  FAILURE  PROBABZLITYsO.OOIO. 
XNMIM.nRUX.XNPl.SASSsAL.BET.XEFF.IPR:  500.  500.  45701.  1.000  4.00  1.00  1.3 


^’RjBFLSET 

TIME 

NUFOER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

IC  « 

IHTROOUCED 

ENGINES 

IHSPtCTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

200 

3399 

1956 

1 

34645. 

2 

0. 

200 

4001 

1848 

0 

49726. 

5 

«. 

200 

4058 

1796 

0 

52416. 

4 

0. 

200 

5984 

1869 

0 

46721 . 

TOTALS! 

800 

IS942 

7469 

1 

46376. 

E-t03 


aoo  DISK  OID  CASE-HI  RES  PROBE  INSPECTION 

INSPECTION  TINE  SPECIFIED  WITH  STATISTICAL  UPDATE.  NAX  ALLOWABLE  FAILURE  PROBABILlTY-e.OOSO. 
XHriINtX)4rUX,)(NPI,SASSiALiBETiXEFF>IPR=  500.  500.  45701.  1.000  4.00  1.00  I.  3 


SUBFIEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  i 

ID  t 

INTRODUCED 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

200 

4231 

1590 

0 

61673. 

2 

0. 

200 

4226 

1600 

0 

61374. 

3 

0. 

200 

4287 

1542 

0 

64336. 

4 

0. 

200 

4299 

1519 

0 

65103. 

TOTALS' 

600 

17045 

6251 

0 

63122. 

E-104 


600  DISK  OLD  CASE-HI  RES  PROBE  INSPECTION 

INSPECTION  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOMABLE  FAILURE  PPOBABIUTTsO.OEOO. 
)NIIN,yi»1/lX,XNPI,SASS.AL.&ET.XEFF,IPR=  500.  500.  45781.  1.000  4.00  1.00  1.  3 


SUBFLEET 

TIME 

KIHBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

10  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPUCEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

200 

4837 

976 

3 

61599. 

2 

0. 

20C 

4931 

682 

4 

56186. 

3 

0. 

200 

■4682 

925 

4 

53950. 

4 

0. 

200 

4989 

C29 

0 

96984. 

TOTALS' 

800 

19639 

5612 

11 

67680. 

600  DISK  OLD  CASE-HI  RES  PROBE  INSPECTION 

INSPECTION  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROBABILlTTsO.OSIO. 
XNMIN>XNMAX>XNPI.SASS,ALiBETfXEFFiIPRs  500.  75000.  45781.  1.000  4.00  1.00  1.  5 


subfleet 

TIME 

NUIBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

200 

2509 

1577 

0 

65620. 

2 

0. 

200 

2442 

1540 

2 

47360. 

3 

0. 

200 

2507 

1548 

1 

56744. 

4 

0. 

200 

2492 

1542 

1 

5764G. 

TOTALS' 

800 

9950 

6207 

4 

56G43. 

1-M 


G-106 


BOO  DISK  OLD  CASE-Hl  RES  PROBE  lNSr>ECTION 

INSrECriON  TIME  SPECIFIEO  KITH  STATISTICAL  UPDATE.  MAX  ALLOMABLE  FAILURE  PROBABILITY=0.0950. 
XNI1IN,XUMAX,XNPI,SASS,ALiBET.XEFFiIPR»  500.  75000.  4576!.  1.000  4.0U  1.00  1.  3 


SUBFLEE r 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

IQ  • 

INTRODUCED 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

200 

1891 

1298 

2 

59065. 

0. 

200 

1661 

1289 

2 

59345. 

3 

0. 

200 

1892 

1283 

3 

49973. 

*1 

0. 

200 

1902 

1247 

2 

61832. 

TOTALS' 

800 

7546 

5117 

9 

57554. 

BOO  DISK  OLD  CASE-HI  RES  PROBE  INSPECTION 

INSPECTION  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOSIABLE  FAILURE  PROBABILITYaO.OIOO 
XNhlN,XNflAX,XNPI,SAS5.AL,BET,XEFF,IPR=  500.  75000.  45781.  1.000  4.00  1.00  1.  3 


ttmc 

MC 

kttiUBen  AC 

AW*  iwbn  wr 

r«uhocK  ur 

RrC  uOLiJW  1 

ID  6 

introduced 

engines 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0, 

200 

1506 

1059 

4 

51340. 

2 

0. 

200 

1463 

1037 

4 

52470. 

3 

0. 

200 

1466 

1020 

8 

13173. 

4 

0. 

200 

1493 

1032 

3 

62308. 

TOTALS' 

800 

5948 

4148 

19 

44873. 

BOO  DISK  OLD  CASE-HI  RES  FR09E  INSPECTION 

INSPECTION  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PR(»ABIUTT=0.e£00 


XltllN  .XNMAX ,  XNPI .  SASS .  AL  >  i 

BET.XEFF.IPR 

:  500. 

75000.  45781.  1 

.000  4.00 

1.00  1.  3 

SUBFLCET 

TINE 

NUMBER  OF 

NUICER 

OF  NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

ID  f 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

200 

1315 

943 

11 

>12938. 

2 

0. 

200 

1235 

879 

15 

•49655. 

S 

0. 

200 

1325 

903 

11 

•10965. 

4 

0. 

200 

1241 

843 

IT 

•68208. 

TOTALS' 

800 

5116 

9568 

54 

-9544!. 

600  W5K  OLD  CASE-HI  RES  PROBE  INSPECTION 
INSPECTIO?)  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF=Z.00. 

XNMIN,XNMAX.XKPI,SASS.AL,BET,XEFF,IPR=  500.  750.  15260.  1.000  A. 00  1.00  1.5 


SUSFLECT 

TIME 

KTRIBER  OF 

NUMBER  OF 

NUMDER  OF 

NUMBER  OF 

RFC  DOLUR  1 

ID  » 

INTRODUCED 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

200 

5064 

733 

5 

53601. 

c 

0. 

£00 

5147 

671 

3 

76679. 

\ 

0. 

200 

5161 

633 

2 

86462. 

4 

0. 

200 

5148 

666 

6 

46857. 

TOTALS: 

800 

20560 

2703 

16 

66400. 

600  DISK  OLD  CASE-III  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF=2.eO. 

XNMIN.XNMAX.XHPI.SASS.AL.BET.XEFF.IPRe  500.  750.  15260.  1.000  4.00  1.00  1.  3 

SlinrLEET  time  NUHEEB  of  number  of  number  of  number  of  RFC  DOLUR  G.A1N 
10  »  INTKOtlUCEO  ENGINES  INSPECTIONS  REPLACEMENTS  FAILURES  PER  ENGINE 


1 

C. 

£00 

5031 

769 

2 

60993. 

2 

0. 

200 

.5016 

795 

1 

90456. 

3 

0, 

200 

4991 

831 

3 

68967. 

4 

0. 

200 

5046 

776 

3 

71566. 

TOTALS' 

600 

200C6 

3193 

9 

77996. 

tn  A  *  A 

r  ♦  t 

eoo  DISK  OLD  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  3F=3.30. 

XNMINiXNMAX.XNPI,SASSiALfBET,XEFT ,IPR=  500.  750.  15260.  1.000  4.00  1.00  1.  3 


SWFIEET  TIME  HUMBER  OF  NUMBER  OF  NUMBER  OF  NUMBER  OF 
ID  #  INTRODUCED  ENGINES  INSPECTIONS  REPLACEMENTS  FAILURES 


RFC  DOLLAR  GAIN 
PER  ENGINE 


t  0.  200 

2  0.  200 

3  0.  200 

"•  0.  200 

TOTALS'  600 


4954  674  2 

4904  920  1 

4969  642  3 

4962  640  Z 

19829  3476  8 


76986. 

84626. 

68595. 

78518. 

77181. 


E-3« 


E-lt2 


800  DISK  OLD  CASE-HI  BES  PROBE  INSPECTION 
IHSPECTICpN  TIME  SPECIFIED  WITH  COHSTANT  SAFETY  FACTOR.  SF=4.00. 

XNHIH,X»1AX.>:t)PIi5AS5.AL,BET,XEFFilPR=  500.  750.  15260.  1,000  A. 00  1.00  1.  3 

SUBFLE'  r  TIME  NUMBER  OF  NUMBER  OF  NUMBER  OF  NUMBER  OF  RFC  DOLLAR  GAIN 
ID  «  INTRODUCED  ENGINES  INSPECTIONS  REPLACEMENTS  FAILURES  PER  ENGINE 


4 

0. 

200 

46S4 

962 

1 

82330. 

£ 

0. 

200 

4837 

983 

1 

81443. 

0. 

200 

4676 

953 

3 

63191 . 

it 

0. 

200 

4658 

9S6 

3 

62596. 

TOTALS* 

800 

14425 

S854 

8 

72390. 

600  DISK  OLD  CASE-HI  RES  PROBE  INSPECTION 
INSPFCriON  IIME  SPECIFIED  WITH  COHSTANT  SAFETT  FACTOR.  SF*5.00. 

XNMIN,XNHAX,XNPI.SA3S,AL,BCT,XCFF,IPR«  500.  750.  15260.  1.000  4.00  1.00  1.  5 


S'JSFLEET  TIME  HUMBER  OF  NUMBER  OF  HUMBER  OF  NUMBtH  OF 
ion  INTROOUCEO  ENGINES  INSPECTIONS  REPLACEMENTS  FAILURES 


kFC  uOLLak  toAXH 
Pin  ENGINE 


1 

0. 

200 

4762 

2 

0. 

200 

4747 

3 

0. 

200 

4504 

4 

0. 

200 

4011 

TOTALS* 

800 

18914 

1052 

0 

67914 

1080 

2 

66906 

1234 

0 

79356 

1016 

3 

59926 

4382 

5 

73526 

E-114 


800  DISK 

OLD  CASE-HI 

RES  PROBE 

INSPECTION 

INSPECTION  TIME  SPECIFIED  WITH  CONSTANT 

SAFETT  FACTOR 

.  SFb6.00. 

XMMIH.XHMAX,XNPl,SA58,ALtBET,XEFFiIPH* 

SCO. 

750.  15260.  1 

.000  4.00 

1.00  1.  : 

SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

ID  • 

IKTHCOUCED 

ENGINES  INSPECTIONS  RtPUCEMEHTS 

FAILURES 

per  engine 

1 

0. 

200 

4604 

1217 

0 

80022. 

2 

0. 

200 

4570 

1258 

1 

68168. 

3 

0. 

209 

4662 

1164 

t 

62693. 

4 

0. 

200 

4594 

1232 

1 

69526. 

TOTALS* 

809 

18430 

4871 

4 

70052. 

E~38 


E-11S 


800  DISK  OLD  CASE-HI  RES  PROBE  INSPECTION 
IHSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF=e.OO. 

XNMIU,XNMAX.XMPI,SASSiAL.BET,XEFF,IPR-  500.  75000.  15i60.  1.000  A. 00  1.00  1.3 

SUBUEET  TIME  NUMBER  OF  NUMBEP  OF  NUMBER  OF  NUMBER  OF  RFC  DOLLAR  GAIN 
10  «  INTRODUCED  ENGINES  INSPECTIONS  REPLACEMENTS  FAILURES  PER  ENGINE 


1 

0. 

200 

lAAJ 

501 

12 

-1385 

r 

0, 

200 

1A3I 

528 

16 

-AZ403 

■5 

0. 

200 

1503 

A99 

14 

-21372 

*4 

0. 

200 

147A 

533 

8 

37061 

TOTALS' 

600 

5651 

2061 

50 

-702A 

E.-1I6 

600  DISK  OLD  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF=C.80. 

XNMIN,XNMAX.XNPI,SASS,AL,BET,XEFF,IPR=  500.  750C0  15260.  1.000  A. 00  1.00  1.5 

SUBFLEET  TIME  NUMBER  OF  NUMBER  OF  NUMBER  OF  NUMBER  OF  RFC  DOLLAR  GAIN 
10  S  INTROQUCEO  ENGINES  INSMtciIOHS  REPLACEMENTS  FAILURES  PER  ENGINE 


1 

0. 

200 

1766 

648 

4 

71116 

2 

0. 

200 

1712 

619 

7 

42721 

3 

0. 

200 

17J0 

612 

8 

32869 

4 

0. 

200 

1645 

596 

7 

A379S 

TOTALS! 

600 

6855 

2475 

26 

47631 

800  DISK  OLD  CASE-HJ  RFS  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF=5.30. 

XNMIN,XNHAX,XNPT,SASS,AL.BET,XEFF,1PR=  SOO.  75000.  15260.  1.000  A. 00  1.00  1.  3 


SUPFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

HUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

200 

1985 

710 

7 

37747. 

2 

0. 

200 

1889 

656 

5 

60924. 

1 

0. 

200 

1991 

698 

2 

88502. 

4 

0. 

200 

1914 

650 

5 

61933. 

TOTALS! 

600 

7779 

269A 

19 

62277. 

E-40 


E-11* 


too  DISK  OLD  OSE  -HI  '!»E3  PROBf  INSPECVrOM 
J'^!SPECT10N  (IttC  SPECIE I-ID  WITH  COM5TANT  SAFETY  FACTOR.  SF»<(.00. 

X(«ilM,XNKAX,XHPiC,SASS,AL.BEl  .XF.FF,1PR=  500.  TSOOO.  '5260.  I.COO  4.00  1  00  I.  5 

SUPFIFFT  TIMH  HUMBER  OF  NUF*EP  Or  HU’MBER  OF  MJMBER  OF  R'C  OOLUP  GAIM 
ID  »  INIi^OOUCtD  EHGINE3  1N3PECV IONS  REPUCEMENTJ  FAIL'JHES  PER  EN6IHE 


1 

0. 

rr,o 

20V9 

757 

4 

65370 . 

«% 

u 

0. 

2C0 

£069 

75'/ 

5 

56424. 

3 

0. 

2(,.T 

2155 

725 

3 

7'.f064. 

4 

0. 

200 

f.135 

721 

2 

#7066. 

TOTALS: 

600 

BATB 

2940 

14 

7144.7. 

000  DISK  OLD  CA9E-HI  BE3  PROBE  INSPECTION 
INSPECTION  TIt'.E  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF-5.00, 

Xl<’i1IN,»S1AX.XHPI,SASS,AE.bhr,XCFF,IP»i  500.  TSbOO.  15260.  1.000  4.00  1 . 00  1.  1 

SUBFLEET  TINF.  HVJttBER  OF  lARIOER  OF  HUMBER  OF  N!./f1BF.R  OF  RFC  ODILAR  6AiH 
SO  «  IIUROOUCEO  ENGINES  lKSi>ECriQHS  REPlACEttENTS  FAILURES  PEtl  F.HoINE 


1 

0. 

200 

2456 

#66 

1 

#6495 . 

2 

0. 

200 

2469 

#24 

2 

#I6#1 . 

3 

0. 

200 

2567 

#72 

0 

9743? . 

4 

0. 

200 

2421 

799 

5 

52?4!>. 

TOTALS: 

#00 

9913 

33#: 

e 

#0569, 

S-12© 

600  CI5K  OLD  CASE'HI  RES  PROeC  IHSPECTIOM 
IHSPECTIOH  TIME  SPECIFIED  WITH  C0.N3TAHT  SAFETY  FACTOR.  8F»6.00. 

X'»tIH,XKrtAXrXNPIcSASS,AL,BETiXETF.IPR>  500.  75000.  15260.  1.000  4.00  I.OC  1.  3 

SiJDFUEET  TIME  HUMBER  OF  WHDER  OF  HUMBER  01'  MUWER  0#  RFC  WSLUS: 

IC  *  IKTHOOUCEv.  Ef'iHES  IHSPECIiOHS  ■  LACEMENIS  FAILURES  Pt«  EHBXHE 


1 

0. 

200 

2666 

1023 

t 

71673. 

Z 

0. 

200 

2619 

961 

1 

•3736 

3 

0. 

200 

2690 

976 

0 

911  •« 

4 

0. 

£00 

2665 

no6 

4 

B2&36 

totals: 

eoo 

I05';2 

39#6 

7 

7S53V 

l>-4t 


C^121 


1500  DISK  SKIP  CASE-HI  RES  PROSE  INSPECTION 

IMSPECTIOK'  TIME  SI'ECIFIEO  WITH  STATISTICAL  UPOATf.  MAV  ALLOWABLE  FAILURE  PROBABIUTTsO .0010 . 


VMrilN.XNUAX.XHPI.SASStAL. 

BET.XEFf ,IPR 

=  750. 

750.  5160.  1 

.330  4.00 

1.00  1 .  : 

SUBFl.EET 

TIME 

HUMBER  or 

NUftQEP  OF 

NUMBER  OF 

HUMBER  OF 

RFC  dollar  1 

10  S 

IHIRODUCEO 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2349 

1191 

0 

19957. 

2 

750. 

375 

2350 

1179 

0 

23217. 

3 

1500, 

375 

2349 

1156 

0 

20657. 

a'a 

2350. 

375 

2249 

1156 

0 

30657. 

TOTALS- 

1500 

0997 

4683 

0 

20373. 

1500  DISK  SKIP  CASE-HI  RES  PROBE  INSPECTION 

INSt’EtTlOl,  -iIHE  SPECirltO  WITH  STATISTICAL  UPDATE.  mX  ALLOWABLE  FAILURE  PR08ABIL1TY=0 . 0030 . 


\NMIH , aNHAX .XNPI , SASS , AL , 

BETjXEFF.IFR 

=  750. 

750.  5160.  1 

.330  4.00 

1.C0  1. 

subfleet 

TIME 

NUMBFO  ME 

NUMSCR  CF 

MU!!BCR  or 

iIUilBER  Or 

RFC  OULLAW  ( 

ID  B 

iNTrooucco 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2299 

1174 

0 

20397. 

2 

750 . 

375 

2250 

1163 

0 

20537. 

5 

1500. 

375 

'2249 

1125 

I) 

21277. 

> 

3350. 

375 

2349 

1109 

0 

21597. 

TOIAl 5> 

1500 

8997 

4571 

0 

20927, 

E-123 


1500  DISK 

SKIP  CASt- 

HI  RES  PROBE 

INSPECTION 

INSPECTION  TIME 

SPECIFIED 

HITH  STATIS 

TICAL  UPDATE 

.  MAX  ALLOWABLE  FAIlURE 

PROBABILITY»0.e050 

XtrilN  .XNtlAX ,  XNPI ,  SASS  .AL.BET.XEFF.IPR 

=  750.  750.  5160. 

1.330  4.00 

1.00  1.3 

SUBFLEET 

TIME 

NUMBER  OF 

NUMSER  OF 

FaiMBER  vr 

NUrlBFR  OF 

RFC  DOLLAR  GAIN 

ID  S 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILUSfcS 

PER  ENGINE 

1 

0. 

375 

2249 

1140 

0 

20977. 

2 

750. 

375 

2350 

1107 

0 

21657. 

3 

1500. 

375 

3250 

1049 

0 

22816. 

4 

2350. 

375 

2348 

1070 

0 

22358. 

TOTALS  1 

1500 

8997 

4366 

0 

£1952. 

E-4« 


E--124 


1500  DISK  SKIP  CASE-HI  RES  PROBE  INSPECTION 

INSPECTION  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROBABILITY*©. 0100. 
XtJMlti,XNMAX.XNPI,SAS5.AL,BET,XEFF,IPR=  750.  750.  5160.  1.330  6.00  1.00  1.3 


SUDFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

ID  « 

INTRODUCED 

EN51NES 

INSPECTIONS  REPLACEMENTS 

FAILLlRES 

PER  ENGINE 

1 

0. 

375 

2269 

1071 

0 

22357. 

750. 

375 

2250 

!0?7 

0 

23257. 

3 

ISGO. 

3VS 

2250 

912 

0 

25556. 

4 

2ZS0 

375 

2260 

B96 

0 

25B3B. 

TO  1  A  LS 1 

1500 

B997 

3906 

0 

26252. 

1500  DISK  SKIP  CASE-HI  RES  PROBE  INSPECTION 

INSPErilOM  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROBASILITYsp.OZOO. 
Xti;ilN,XI.‘MAX,XNPI>SA3S.AL«BCT.XEFF.IPR*  7:>0.  750.  5160.  1.330  4.00  1  .00  I.  3 


SVijF  LEFT 

Tmr 

NUtVOER  OF 

NUMBER  OF 

NUMDcR  OF 

NUMBER  OF 

RFC  OOLUR  1 

!(■  4 

tUTDA'iflTcn 

ENGINES 

liiSrCCTIOiiS 

RcPlACtntNls 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2269 

996 

0 

23897. 

750. 

375 

2250 

906 

0 

25676. 

3 

1600. 

375 

2250 

766 

0 

2S676. 

2750. 

375 

2269 

663 

e 

30517. 

TOTALS* 

1500 

B998 

3329 

0 

27142. 

E-128 

1500  DISK  SKIP  CASE-HI  RES  PFOBF  INSPECTION 

INSPECTION  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  AILOUASLE  FAILURE  PR08ABILI1YJ0.0500. 
XNT11H,XNMAX.XNPI.SA53,AL,BET,XEFF,IPH«  750  .  750.  5160.  1.330  6.00  1.00  1.  3 


8UBFLEET 

TIME 

NUMBER  OF 

HUMBER  OF 

NUMBER  OF 

MJMBER  OF 

RFC  DOLLAR  1 

ID  • 

INTROQUCED 

ENBINE3 

INSPECTIOF^  RFPUCEMENT5 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2269 

771 

1 

23060. 

2 

750. 

375 

2250 

663 

1 

25199, 

3 

1500. 

375 

2250 

526 

2 

22628. 

6 

2250. 

375 

2269 

632 

1 

29812. 

TOTALS! 

1500 

8990 

2392 

5 

25170. 

E-4« 


£-127 


1500  DISK. 

SKIP  CASE- 

HI  RES  PROBE 

INSPECTION 

INSPECTION  TIME 

SPECIFIED 

WITH  STATISTICAL  UPDATE 

.  MAX  allowable  FAILURE 

PROBABILITr=0 

XNMIM.ViMAX,\(;Pl,SASS,AL,6ET,XeFF,rPR=  750.  750.  48105.  0, 

.750  4.00 

1.00  1.  : 

•sue  FLEET 

TIME 

number  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

in  * 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2240 

1194 

0 

19897, 

750. 

375 

2250 

1195 

0 

19697. 

I 

1500. 

375 

2249 

1162 

0 

20157. 

4 

CCSO. 

375 

2249 

1177 

0 

20237. 

TOTALS! 

1500 

8997 

4740 

0 

20042. 

E-128 


1500  DISK  Si  IP  CASE-HI  RES  PROBE  IMSPECTION 

IHSPF'‘T10N  ^IME  SPECIFIED  WITH  STATlSTICAl  UPDATE.  MAX  ALLOWABLE  FAILURE  PR08ABIL1TY=0.0010. 
XNMIM.XNMAX.XKPI.SASS.AL.BEV.XEFF.IPR-  750.  750.40106.  0.750  4.00  1.00  1.  3 


SUJFLFET  TIME  «i;iltER  OF  NUMBER  OF  NUMBER  OF  NUMBER  OF  RFC  DOLLAR  GAIN 
iu  F  :i<t»OOLf;EO  ENCIHE)  INSPECTIONS  REPLACEMENTS  FAILURES  PER  ENGINE 


1 

0. 

375 

2249 

1194 

0 

19897. 

2 

750. 

375 

2250 

1195 

0 

19897. 

3 

1505. 

375 

2249 

1182 

0 

20137. 

4 

2:'.50. 

375 

2249 

1177 

0 

20237. 

TOTALS! 

1500 

8997 

474  r 

0 

20042. 

F-t2S 


1500  DISK  SKIP  CABC-HI  RES  PRObE  INSPEr.X&N 

INSPECTION  TIME  SPECIFIED  WITH  ST/TISTiCAL  UFUAT,';,  FiAX  ALLOWABLE  FAILURE  PROBABILITTsO.OOZO. 
W.T!IN,X»M4X,XNPI)SASS,ALiBET,XEFF,TPR=  7S0.  750.  ABUA.  C.750  -V.OO  1.00  I.  3 


subtle cr 

time 

NONOER  OF 

NIIFNER  Cr 

hUMEf'V  or 

NUIWER  OF 

RFC  DOLLAR  1 

in  fl 

iNIKCUL'T.CO 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

0 

19897. 

2 

750. 

375 

2250 

1195 

0 

19897. 

3 

TfCO. 

375 

2249 

1162 

0 

20137. 

4 

?25(l. 

375 

2249 

1177 

0 

20237. 

TOTALS! 

fSOO 

899/ 

4748 

0 

20042. 

e-44 


E-130 


1500  DISK  SKIP  CASR-Hl  R£3  PROBE  INSPECTION 

IHSPECTION  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOMABLE  FAILURE  PR08ABILITY=O.OtM. 
XIIHlN.x:iMAy.yHPI,SASStALiBET,XEFF.IPR=  /SO.  750.  '♦8105.  Q.750  4.00  1.00  1.3 


SUEFLEET 

TIME 

NUMBER  OF 

NLUBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

1172 

0 

20337. 

2 

750. 

375 

2250 

1166 

0 

20077. 

3 

1500. 

375 

2249 

1156 

0 

20617. 

<t 

CC50. 

3VS 

8249 

1168 

0 

20417. 

TOTALS 1 

1500 

8997 

4684 

0 

20362. 

E-131 


1500  DISK  SKIP  CASE-HX  RES  PROBE  INSPECTION 

INSPECTION  TltlE  SPECIFIED  WITH  STATISTICAL  UPDATE.  HAX  ALLOMABLE  FAILURE  PROBABI(.ITY>^Q.0100. 
XNt11N.XM1AX,XNPI,SASS.ALvBET.XEFF.IPR=  750.  750.  48108.  0.750  4.00  1.00  1.3 


SUBHEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

10  S 

INTRODUCED 

ENGINES 

INSPECTIONS 

REPLACEMLNIS 

fAlkUKC^ 

rfiR  cNGXnc 

1 

0. 

375 

2249 

1135 

0 

21077. 

2 

750. 

375 

2250 

1150 

0 

20797. 

3 

1500. 

375 

2249 

1126 

0 

21257. 

4 

2250. 

375 

2249 

1122 

0 

21357. 

TOTALS* 

1500 

8997 

4533 

0 

21117. 

e-132 

1500  DISK 

SKIP  CASE 

-HI  RES  PROBE 

INSPECTION 

INSPECTION  TIME 

SPECIFIED 

HITH  STATISTICAL  UPDATE. 

.  MAX  ALLUMABLE  FAILURE 

PROBABILITY*!*. 0200 

XNMIH.XNHAX.XNPI,SA3S,AL.BET,XEFF,IPR£  750.  750.  48106.  0 

.750  4.00 

1.00  1.  3 

SUBFLEET 

TIME 

NUMBER  OF 

WtCER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

10  « 

INTROOUCEO 

ENGINES 

INSPECTIONS  REPUCEMENTS 

FAILURES 

PER  ENGINE 

1 

9. 

375 

£249 

1079 

0 

22197. 

2 

750. 

375 

2250 

1024 

0 

23317. 

3 

1500. 

375 

2250 

940 

0 

£4998. 

4 

2250. 

375 

2248 

907 

0 

£5818. 

TOTALS* 

1500 

8997 

39.50 

0 

£4032. 

E-13S 


1500  DISK  ISTRES=Z  CASE-HI  RES  PROBE  INSPECTION 


INSPECTION  TIME 

SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR 

.  SF=e.OO. 

XNMIN ,  XHMAX .  XNPI ,  SASS .  A  L , 

BET.XEFF.IPfl 

!=  750. 

750.  15260.  1 

.000  4.00 

1.00  1.  3 

SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

HUMBER  OF 

RFC  D'lLLAR  GAIN 

ID  « 

INTRODUCED  ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

254 

11 

-20024. 

Z 

750. 

375 

2250 

232 

10 

-14160. 

3 

1500. 

375 

2250 

225 

8 

-3342. 

4 

2250. 

375 

2250 

255 

16 

-46622. 

TOTALS  I 

1500 

«999 

957 

45 

-21037. 

1500  DISK  ISTRES^E  CASE-HI  RES 

PROBE  INSPECTION 

INSPECTION  TIME 

SPECIFIED  WITH  CONSTANT 

SAFETY  FACTOR, 

SF=4.00. 

XNMIN 1 XNMAV , XNPI , SASS . AL  > 

BET.XEFF.IPR 

=  750. 

750.  15260.  1. 

.000  4.00 

1.00  1.3 

SUBFLEET 

TIME 

MJMBER  OF 

NUTBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

254 

11 

-20024. 

Z 

750. 

375 

2250 

232 

10 

-14160. 

3 

1500. 

375 

2250 

225 

8 

-3342, 

4 

2250. 

375 

2250 

256 

16 

-46622. 

TOTALS! 

1500 

8999 

967 

45 

-21057. 

S-13iB 


1500  DISK  ISTRES*S  CASE-HI  PES  PBOBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF=6.00. 


XNMIN ,  XNhAX ,  XNPI ,  SASS .  AL  ,1 

BET.XEFF.IPR 

=  750. 

750.  15260.  1 

.000  4.00 

1.00  1.  3 

SUBFLEET 

TIME 

HJMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLUR  GAIN 

ID  « 

INTROCL>CEO 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

311 

8 

-51  EC, 

2 

750. 

375 

2250 

292 

9 

-loeii-. 

3 

1500. 

375 

2250 

273 

3 

22356. 

4 

2250. 

375 

2250 

299 

7 

453. 

TOTALS: 

1500 

8999 

1175 

27 

1M«. 

E'-4« 


E-iae 


1500  DltK  ISTRES=2  C*SE-HI  BES  PROBE  INSPECTION 
IHSPECTIOU  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  Sr=6.00. 

XU'IIN.XNNAXA'HPI.SASS.AL.BET.XEFF.IPR::  750.  750.  15260.  1.000  <».00  1.00  1.  3 


SUBFLEET 

TINE 

MEMBER  OF 

HUMBER  OF 

NUMOER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

ID  t 

INTROOUCED 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

P;.-7  ENGINE 

1 

0. 

3/5 

2249 

433 

4 

13656. 

? 

750. 

375 

2250 

429 

4 

1 3884 . 

3 

1500. 

375 

2250 

428 

1 

29898. 

4 

2250. 

375 

2250 

396 

6 

3854. 

TOTALS: 

1500 

0999 

1691 

15 

15323. 

E-137 

1500  DISK  ISTRES::2  CASE -HI  RES  PROBE  INSPECTION 

INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF=»»*"."" 

iO, 

XNWN ,  XNMAX .  XNPI .  SASS .  AL  i 

iBEV.XEFF.IPR 

5  75J. 

750.  15260.  1 

.000  4.00 

1 .00 

1  1.  ■ 

SUOFIEET 

TIME 

NUMBER  OF 

HUMBER  OF 

NUMBER  OF 

NUtIBER  OF 

RFC  DOLUR  1 

10  « 

INTRODUCED  ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER 

ENGINE 

1 

0. 

375 

2249 

649 

2 

20120. 

2 

750. 

375 

2250 

646 

1 

25536. 

3 

1500. 

375 

2250 

640 

0 

30994. 

4 

2250. 

375 

2249 

645 

1 

25582. 

TOTALS* 

1500 

8990 

2578 

4 

25558. 

1500  DISK  ISTRESsi;  CASE-Hl  RES  PWCeE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAPETT  FACTOR.  SFcE.DO. 

XNT1IN.XNnAX.XNPI,3ASS,AL.BET,XEFF,IPR3  750.  750.  40106.  0.750  4.00  t.OO  1.  X 


SLBFLEFT 

TIME 

NUrWER  OF 

NUMBER  OF 

NLIMBER  OF 

MIMBER  OF 

RFC  DOLLAR  i 

ID  » 

INTROOUCED 

ENGINES 

INSPECTIONS  REPLACEHFHTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

254 

11 

-20024. 

2 

750. 

375 

2250 

232 

10 

•14160. 

3 

1500. 

375 

2250 

225 

« 

•3342. 

4 

2250. 

375 

2250 

256 

16 

-46622. 

TOTALS* 

1500 

•999 

96? 

45 

-21037. 

E“47 


1500  DISK  ISTRES=e  CASE-Hl  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  MITH  CONSTANT  SAFETY  FACTOR.  SF=4.00. 


XNMIN ,  XNMAX .  XNPI ,  SASS  f  AL  • 

bet.xeff.ifr 

=  750. 

750.  48106.  C 

.750  4.00 

1.00  1.  3 

SUDFLEET 

TIME 

number  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

ID  « 

introduced 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

254 

11 

-20024. 

2 

750. 

375 

£250 

£32 

10 

-14160. 

3 

1500. 

375 

2250 

225 

8 

-3342. 

4 

2250. 

375 

2250 

256 

16 

-46622. 

TOTALS: 

1500 

6999 

967 

45 

-21037. 

E-140 


1500  DISK  ISTRES=2  CASE-Hl  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF=6.00. 


XNMIN  ■  XNMAX ,  XNPI  ,  SASS .  AL  .1 

BET.XEFF.IPR 

=  750. 

750.  48106.  0 

.  7.50  4 . 00 

1.00  1.  : 

SUO^ CttT 

Tint 

Nunotft  Or 

Nunbtw  OF 

witbtK  OF 

NunutK  Or 

RFC  OOLlAk  i 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

3. -5 

££49 

£54 

It 

-£0024. 

2 

750. 

375 

£250 

£32 

10 

-14160. 

3 

1500. 

375 

£250 

225 

8 

-334£. 

4 

£250. 

375 

£250 

£56 

16 

-46622 . 

TOTALS! 

15G0 

8999 

967 

45 

-£1037. 

1500  DISK  ISTRES=C  CASE -HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  S.’’ECIFIEO  WITH  CONSTANT  SAFETY  FACTOR.  SFsZ.DO. 

XNMlN,XHr1AX,XNPI,SASS.AL,BET,XEFF,IPR=  750.  750.  5160.  1.330  4.00  1.00  1.  3 


SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

ID  ft 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

363 

6 

4490. 

2 

750. 

375 

22.50 

347 

9 

-11156. 

3 

1500. 

375 

£250 

310 

1 

322.56. 

4 

£250. 

375 

2250 

345 

4 

15618. 

TOTALS' 

1600 

6999 

1363 

20 

10302. 

e-4a 


E-14S 


1500  DISK  ISTRES=2  CAS.!:- HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  'CUSIANT  SAFETY  FACTOR.  SF=4.C0. 

XNMIN,XNMAX.Xt-PI,SAS5,AL,BET,XFFF,IPK=  ,-5.0.  750.  SIOO.  1.S30  4.00  1.00  (-3 


SU2FLEET 

TIKE 

NUMBER  OF 

NU1-.JE;*  or 

NUKBiR  OF 

NUKBER  CF 

RFC  DOLLAR  1 

ID  » 

INTRODUCED 

ENGINES 

INSPcCTIOKS  REPLACEHENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2248 

896 

0 

25837. 

i 

7S0. 

375 

r;5£ 

883 

1 

20797. 

3 

1500. 

375 

2250 

838 

0 

27035. 

4 

2250. 

375 

2250 

878 

0 

26235. 

TOTALS' 

1500 

8993 

3495 

1 

24976. 

E~143 


1500  DISK  ISTRES^S  CASE-Hl  RES  PROBE  INSPECTION 
INSPECTION  TINE  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF'S.OO. 

XNMIN.XNNAX.XNPI.SASS.AL.BET.XEFF.IPPs  750.  750.  5160.  1.330  4.00  1.00  1.3 


SOBFIEET  TIKE  NUISER  OF  NUfffiE?  Of  NUMBER  OF  NUMBER  OF  RFC  DOCUR  SAIN 
10  •  INTRODUCED  ENGINES  INSPECTIONS  REPUCEMENT5  FAILURES  PER  ENGINE 

1  0.  375  2249  1194  0  19897. 

f  750.  375  2250  1195  0  19897. 

3  1500.  375  2249  1182  0  20157. 

4  2250.  375  2249  1177  0  20257. 

TOTALS'  1500  6997  4748  0  20042. 


c*  ^  m  m 


1500  DISK  ISTRE5=2  CASE -HI  RES  PROBE  INSPECTION 
INSPECriON  TIKE  SPECIFIED  WITH  STATISTICAL  UPDATE.  KAX  ALLOMABLF  FAILURE  PROGABlLITTsO.OOOS. 

Xt#1IN.XlP1AX,XNPl,SASSiAL,BET,XEFF.IPR=  750.  750.  15260.  1.00C  4.00  1.00  1.  3 


SOBFIEET 

TIME 

NUKBER  OF 

NUMBER  OF 

MJMBER  OF 

NUKBER  OF 

RFsw  OOLUR  ( 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEKENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

1123 

0 

21316. 

2 

750. 

375 

2250 

1147 

1 

15517. 

3 

1500. 

375 

2249 

1132 

0 

21136. 

4 

2250. 

375 

2249 

1133 

0 

21117. 

TOTALS' 

1500 

8997 

4535 

1 

19771 . 

E-40 


E>14t 


1500  DISK  lSTRES>e  CASE-HI  RES  PROBE  XHSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOHABLE  FAILURE  P90BABILIT¥=0,0010. 


XNMIN  >  XNMAX .  XNPI  >  SASS  >  AL  il 

BET.XEFF.IPfi 

=  750. 

750.  15260.  1 

.000  4.00 

1.0C  1.  3 

SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

ID  t 

IHTRODUCFO 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

22^9 

1101 

1 

16417. 

2 

750. 

375 

2250 

1123 

1 

15996. 

3 

1500. 

375 

2299 

1154 

0 

C0697. 

<► 

2250. 

375 

2249 

1131 

0 

21157. 

TOTALS: 

1500 

0997 

4509 

e 

16567. 

E-146 

1500  DISK  ISTRES^E  CASE-HI  RES  niOBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROSABILITY=0.0050. 


XNMIN , XNMAX . XNPI , SASS , AL , 

BET.XEFF.IPR 

=  750. 

750.  15260.  1 

.000  4.00 

1.00  1. 

SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC:  DOLLAR  1 

10  « 

INTPOOUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

864 

3 

10496. 

2 

750. 

375 

2249 

909 

3 

9563. 

3 

1500. 

375 

2250 

905 

1 

20401 . 

4 

2250. 

375 

2250 

695 

0 

25895. 

TOTALS' 

1500 

6996 

3571 

7 

16594. 

1500  DISK  ISTRES=2  CASE-HI  RES  PROBE  INSPECTIO.') 

INSPECTION  TIME  SPECIFIED  KITH  STATISTICAL  UPDATE.  MAX  ALLOMABLE  FAILURE  PROeADILITY*O.OEOO. 


XNMIN .  XNMAX ,  XNPI ,  SASS .  AL .  1 

BET.XEFF.IPR 

=  750. 

750.  15260.  1 

.000  4.00 

1.00  1.  : 

SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

R.  C  DOLLAR  1 

ID  n 

ZNTRQO'JCeO 

ENGINES 

INSPECTIONS  REPLACEHFI.'T'; 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

4.58 

5 

7953. 

2 

750. 

375 

2249 

376 

7 

-1127. 

3 

1500. 

375 

2250 

306 

4 

16312. 

4 

2250. 

375 

2250 

297 

9 

-10126. 

TOTALS' 

1500 

6996 

1439 

25 

3246. 

E-50 


1500  DISK  XSTDESct  CASE-Hi  RES  ERODE  INSPECTION 
INSPECTION  TINE  SPECIFIED  WITH  STATISTICAL  UPDATE.  HAX  ALLOHABLE  FAILURE  PROBABILITYbO.OOIO 


XNNIN > XNKAX . XNPI > SASS . AL ,  1 

BET.XEFF.IPR 

s  750. 

750.  48106.  9 

.750  4.00 

1.00  1.  3 

SUBFLEET 

TIME 

NUMBER  OF 

HUMBER  OF 

NUMBER  OF 

NUICER  OF 

RFC  DOLLAR  GAIN 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2248 

978 

3 

8184. 

2 

750. 

375 

2250 

1067 

4 

707. 

3 

1500. 

375 

2250 

1134 

0 

21116. 

4 

2250. 

375 

2249 

1210 

0 

19577. 

TOTALS! 

1500 

8997 

4409 

7 

12396. 

E~t4» 


1500  DISK  IS1RES=2  LEAO-THE-FLEET  CASE -HI  RES  PROBE  INSPECTION 
INbPECnON  TIME  SPECIFIED  HITH  STATISTICAL  UPDATE.  MAX  ALLCMABLE  FAILURE  PROeABILITYcO.OOIS 


XNntHiXiaiAX.XNPI,SAS3>AL>BET.XEFF,IPR=  750.  750.  48106.  0.750  4.00  1.00  1.3 


SUE'LEET 

TIME 

NUTCf  R  O.p 

NUr«£P  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

ID  * 

INTROQUCEO 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

964 

3 

8483. 

2 

5250. 

375 

2249 

1050 

0 

26776. 

3 

10500. 

375 

2250 

1004 

0 

23715. 

4 

15750. 

375 

2249 

1011 

0 

23555. 

TOTALS! 

1500 

8997 

4029 

3 

19632. 

wr-  rw^ 


1500  DISK  ISTRES^E  NO-FLEET-LEAOER  CASE -HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  HITH  STATISTICAL  UPDATE.  MIX  ALIOHABLE  FAILURE  PROSABILITY=0.e010 


XNMlN.XNrUX.XNPI.SASSrAL.BET.XEFF.IPR::  750.  .;...  h8106.  0.750  4.00  1.00  1.3 


SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

ID  • 

INTRODUCED 

ENGINES 

INSPECTIUNS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

950 

2 

14097. 

2 

0. 

375 

£250 

946 

5 

-1805. 

3 

0. 

375 

2249 

935 

3 

9047. 

4 

0. 

375 

2250 

920 

3 

9381. 

TOTALS! 

1500 

8998 

3751 

13 

7680. 

E-61 


-  -.s-.'V'l  \ 


E-1#1 


1500  DISK  XSTRESst  CASE-MI  RES  |)ROBE  IHSPbCTIOM 
INSPECTION  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALIOHABLE  FAILURE  PROBABILITY=0.0050. 

XNMIH,XNMAX,XNPI,SASS,AL.BET,XEFFiIPR=  750.  750.49106.  0.750  4.00  1.00  1,3 


S'JBFLEET  TIME  NUMBER  OF  NUMBER  OF  NUMBER  OF  NUMBER  OF  RFC  DOLLAR  6AIN 
ID  «  INTRODUCED  ENGINES  INSPECTIONS  REPUCEMENTS  FAILURES  PER  ENGINE 


1 

0. 

375 

2249 

807 

4 

6299. 

2 

750. 

375 

2250 

862 

4 

5207. 

3 

1500. 

375 

2249 

894 

0 

25694. 

4 

2250. 

375 

2250 

861 

1 

21241 . 

TOTALS! 

1500 

8998 

3424 

9 

14660. 

E-152 


1500  DISK  ISTRES=E  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  hITH  STATISTICAL  UPDATE.  MAX  ALLONABLE  FAILURE  PROBABILITYsO.OZOO. 

XKMIN,XNMAX,XNPI,SASS,AL,BET,XeFF,IPR=  750.  750.  48106.  0.750  4.00  1.00  1.3 


lUBFLEET 

time 

NUriBtK  til- 

NuhbtK  Or 

NUhocK  uF 

nunocN  vr 

KrC  uCLLAr  i 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

466 

6 

2411. 

2 

750. 

375 

2249 

420 

6 

-7519. 

? 

1500. 

375 

2250 

394 

4 

14554. 

4 

2250. 

375 

2250 

336 

10 

-16266. 

TOTALS! 

1500 

8998 

1618 

28 

-1635, 

E-t63 


1500  DISK  ISTRES^E  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  HITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PR08ABILITr>0.0010. 

XNMIM,XNMAX,XNPI,SAS3sAL,BET.XEFF,IPR=  750.  750.  5160.  1.330  4.00  1.00  1.3 


SUBFLEET 

TIME 

WMBER  OF 

NUMBER  OF 

NUMBER  Of 

NUMBER  OF 

RFC  DOLUR  1 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

1191 

0 

20157. 

2 

750. 

375 

2230 

1149 

0 

£0817. 

3 

1500. 

375 

2249 

1113 

0 

21517. 

4 

2250. 

375 

2249 

1069 

0 

22397. 

TOTALS! 

1500 

B997 

4512 

0 

21222. 

tsoo  DISK  ISTRES=2  LEAO-THE-EtCET  CASE-NI  RES  PROOE  INSPECTION 
INSPECTION  Tint  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROBAeilITY=O.OCIO. 

XIINIU,XtiriAX.XNPI,SASS.AL,BETiXEFr.IPR=  750.  750.  5160.  1.330  4.00  1.00  1.  3 


subflee r 

TIME 

NUMBER  or 

MJMBER  OF 

number  of 

NUMBER  OF 

RFC  DOLLAR  ( 

10  « 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

1216 

0 

mi7. 

z 

5250. 

375 

2249 

1112 

0 

21537. 

3 

10500. 

375 

2250 

1023 

0 

23336. 

4 

15750. 

375 

2249 

925 

0 

25275. 

TOTALS! 

1500 

6997 

4276 

0 

22391. 

E-t56 


1500  DISK  ISTRE5=2  NO-FLEET-LEAOER  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  time  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PR06AOILITT=O.OOIO. 

XNMIN.XlRIAX.XNPI.SASS.AL.BET.XEFF.lrRs  750.  750.  5160.  1.330  4.00  1.00  1.3 


SUEFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

number  of 

KUTSER  CF 

RFC  DOLLAR  i 

lu  • 

INTROOUCEO 

ENGINES 

INSPECriCMS  KEPLACEKcHTS 

failures 

PER  ENGINE 

1 

0. 

375 

2246 

1165 

0 

20459. 

2 

0. 

375 

2250 

1140 

0 

20997. 

3 

0. 

3J5 

2250 

1127 

0 

21257. 

4 

0. 

575 

2249 

1140 

0 

20977. 

TOTALS* 

1500 

6997 

4572 

0 

20922. 

e-iM 


1500  DISK  ISTRES^E  CASE -HI  RES  TKCSE  INSPECTION 
INSPECTION  TINE  SPECIFIED  MITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROeABZLITVsO.OCSO. 


XNFUN ,  XNKAX  .XHPI ,  SASS .  AL . 

BET>XEFF,1PR 

!»  750. 

750.  5160.  1 

.330  4.00 

1.00  1.  : 

SUBFLEET 

TIME 

NUNBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

ID  « 

INTRODXeO 

ENGINES 

INSPECTIONS  REPLACEMEKTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

1036 

0 

23057. 

2 

750. 

375 

2250 

677 

0 

26237. 

3 

1500. 

375 

2250 

705 

1 

J4378. 

4 

2250. 

375 

2249 

520 

2 

22726. 

TOTALS* 

1500 

6996 

31 3B 

3 

24105. 

E-S3 


tsoo  DISK  ISTRES^e  CASE-HI  RES  PR06E  IHSPECTICN 
INSPECTION  TIME  SPECIFIED  HITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROBADILITYsO.OZOO 


XNMN.XNMAX.XNPI.SASSiAL.BET.XEFF.IPRS 


750.  750.  5ieO.  1.330  4.00 


1.00 


1.  3 


SOBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

10  R 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2246 

827 

0 

27217. 

2 

750. 

375 

2250 

657 

7 

-6641 . 

3 

1500. 

375 

2250 

482 

2 

23503. 

4 

2250. 

375 

2250 

400 

8 

-6925. 

TOTALS* 

1500 

6998 

2366 

17 

9268. 

E-1M 


1500  DISK  STND  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF=:2.00. 


XNMIN , XNMAX , XNPI , SASS , AL . 

6ET,XEFF,IPR 

=  750. 

750.  15260.  1 

.000  4.00 

1.00  1. 

SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOI.IAP  1 

IQ  * 

INTRODUCED 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  EiklHE 

1 

0. 

375 

2248 

797 

0 

27817. 

2 

750. 

375 

2250 

766 

2 

17797. 

3 

tsoo. 

37S 

2250 

794 

2 

17263. 

4 

2250. 

375 

2250 

757 

2 

10023. 

TOTALS! 

1500 

B998 

3114 

6 

20225. 

E-1S9 


1500  DISK  5TN0  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SFiA.OO. 


XNMIN .XNMAX , XNPI , SASS , AL  > 

BET.XEFF.IPR 

s  750. 

750.  15260.  1 

.000  4.00 

1.00  1. 

SUBFLEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

ID  « 

INTRODUCED 

ENGINES 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2249 

1121 

0 

21357. 

2 

750. 

375 

2250 

1062 

0 

22556. 

3 

1500. 

375 

2250 

1006 

0 

22116. 

4 

2250. 

37S 

2248 

1140 

0 

20958. 

TOTALS" 

1500 

6997 

4407 

0 

21747. 

ISOO  Lis:<  STW  CACE-HI  «eS  PfcWE  INSPECTION 
INSPtCTIOtJ  TIN;  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SFrJ.O#. 

TmiN.XH-AX.V>iF'r.tUSS.AI..BET,XEFF.IPR=  7S0.  750.  15260.  1.000  4.00  1.00  I.  I 


SJBFIEET 

TINE 

NUNBER  OF 

NUriBLR  OF 

NUCER  OF 

NUNBER  OF 

RFC  DOLLAR  . 

ID  P 

1NTRM‘UCE0 

EHBINES 

INSPECTIONS 

REPUCEHENTS 

FAILURES 

PER  ENCINE 

1 

0. 

375 

2249 

1230 

0 

19177. 

n 

750. 

375 

2250 

1163 

0 

20137. 

3 

1500. 

375 

2250 

1216 

0 

19476. 

4 

2.150. 

375 

2249 

1227 

0 

19237. 

TOTALS: 

1500 

6990 

4656 

3 

19507. 

E-141 


1500  013K  STNP  CASE-HI  RES  PROBE  XNSPECYION 
INSPECTION  TINE  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF«C.OO. 

XNniN,XNtUX,XNPI,SASS,AL,BE1,XEFF.IPRs  750.  750.  15260.  1.090  4.00  1.00  1.  2 


SUBFLEET 

TINE 

NUNBER  OF 

NUNBER  OF 

NUNBER  OF 

NUMBER  OF 

RFC  DOLLAR  SAIN 

ID  • 

INTRODUCED 

ENGINES 

INSPECTIONS  REPUCEHENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2246 

701 

1 

24401 . 

2 

750. 

375 

.2250 

693 

0 

29936. 

3 

1500. 

375 

2250 

654 

0 

30716. 

4 

2250. 

375 

2250 

650 

1 

25455. 

TOTALS 1 

1500 

8996 

2698 

2 

27627. 

i 

isOd  OlSK 

5TNU  CASE 

-HE  RES  PROBE 

INSPECTION 

INSPECTION  TIME  SPECIFIED  WITH  CLIWTAKT 

SAFETY  FACTOR 

.  9Fb4,0D. 

XNHINrXNHAX.XNPI.SASS.ALtSET.XEFFflFR-  750.  750.  15260.  1 

.800  4.00 

1.00  1.  2 

1 

1  ’  SUOFLFET 

Tllit 

NUiCEN  OF 

NUNBER  OF 

NU1BEF  OF 

IklNISE#  OF 

RFC  OOLUR  GAIN 

ID  n 

'((TROOXtIi 

EKSINES 

INSPECTIONS  REPLAC!;i;£NTS 

FAILURES 

PER  ENGINE 

t 

0. 

375 

.249 

970 

8 

24377. 

t 

750, 

375 

i:2So 

943 

24936. 

3 

1506. 

375 

2250 

927 

« 

25256. 

4 

2LS0. 

375 

224“ 

962 

0 

K4537. 

TOTALS! 

1500 

8998 

3802 

8 

24777. 

e-«c 


■ 


E-1«l 


1SOO  DISK  STNQ  C/»aE-HI  RES  PROCE  INSPECTION 
INSPECTION  TIME  SPECIFIED  HITH  CONSTANT  SAFETY  FACTOR.  SF=6.0n. 


XNHINiXNMAX,Xf'Pl,SASS.AL.BeT,XEFF,IPP 

=  75C. 

750.  15260.  1 

.000  4.00 

1.00  1.  ; 

SUBFLEET 

time 

NUMBER  OF 

HUMBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

Ib  « 

INTRODUCED 

ENGINES 

INSPECTIONS 

RtPUCEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

3/5 

2249 

1060 

0 

22177. 

Z 

710. 

375 

2250 

1098 

0 

21637. 

3 

1500. 

375 

2250 

1054 

0 

22716. 

4 

2250. 

3/5 

2248 

1126 

0 

21198. 

TOTALS! 

1500 

6997 

4360 

C 

21962. 

E~1«4 


BETTFR  CYCLE  CCUM.'  1500  DISK  STND  CAS£-HI  RES  PROSE  IN;iPfCTION 
INSPECTION  'llf’E  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  Sf=2.0C. 

M«IIN,XNHAX.XNPI,3ASS,AL.eET,XEFF,TVR=  AO.  750.  15260.  1.000  4.00  1.90  1,  ? 


iUBTUcT 

TIME 

NUMBER  OF 

NITBER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLUS  i 

ID  i 

^HTn/9n«  i/’PCN 
A«9  1  r\wwi.^bV* 

Ei'.TT'iicS 

inif’ci.  1 AUNC 

KtPUUEMENTS 

FAILURES 

PER  ENGIHL’ 

1 

0. 

375 

er.so 

712 

1 

24216. 

«« 

IL 

750. 

37.‘'- 

^250 

699 

0 

29616. 

3 

*500. 

375 

2250 

669 

0 

30416. 

4 

2250. 

375 

22?0 

724 

1 

24902. 

TOTALSi 

1590 

9000 

2804 

2 

271*3. 

BETTER 

CYCLE  COUNT  1500  DISK 

STHO  CASE  -HI  RES  PROBE 

IHSFEC^tNN 

IMr.PECTION  TIME 

SPECIFIED  HITK 

CONSTANT 

SAFETY  FACTOR 

.  SF=4.00. 

XHtllN.XNMAX.XNPl, 

>SASS,AL, 

,BET,XEFF,IP.?= 

750. 

750.  15260.  1 

.000  4. 09 

1.0S  5,1 

SUBFLEET 

TIME 

NUMBER  OF  NUMBER  OF 

KiSTiER  OF 

NUMBER  or 

«rc  c-ULuts  1 

ID  »  IMTRnOUCED  ENGINES  INSPECTIONS  REPUCtMEMS 

FAILURES 

PER  ENalNE 

1 

0. 

375 

2250 

1016 

0 

2I4V6. 

2 

750. 

375 

2Z50 

1D31 

0 

S317ft. 

3 

1500, 

375 

2250 

1043 

0 

22937. 

5 

2Z50. 

375 

2250 

107i 

0 

22377, 

TOTALS: 

1500 

9000 

4161 

0 

Si992. 

E-58 


E-1M 


BETTER  CYCLE  COUNT  tSOO  DISK  STNO  CASE-HZ  RES  PROBE  INSPECTION 
INSPECTION  tine  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF*6.0D. 

XNKm,XNnAX.XNPI.SASS,AL,BET,XEFF,lPR=  750.  750,  154*0.  1.000  4.00  l.OO  1.  t 


SUBFLCET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  UF 

RFC  DOLUR  GAIN 

10  c 

introduced 

ENGINES 

INSPECTIONS 

REPLACEMtHTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

2250 

1204 

0 

10717, 

Z 

750. 

375 

2250 

lies 

0 

20037. 

3 

1500. 

375 

2250 

lie?. 

0 

20157. 

4 

2250. 

375 

2250 

nee 

0 

20037. 

TOTALS* 

1500 

$000 

47*2 

0 

19987. 

C-1«7 

800  OISK 

OLO  CA8E-HI 

RES  PROBE 

INSPECTION 

INSnECriON  TIME  SPECIFIED  WIfH  CONSTAHT  SAFETY  FAC10R 

.  SF=2.00. 

XHMIN,XHMAX,XWPI,SAS8,AL,CET,yEFF,IPP= 

500. 

500.  15260.  1 

.000  4.00 

1.00  1.  1 

5U3FLEET  TlMf 

NiinbtH  Or 

KIm  tDwn  C? 

MJ^FO  OF 

NUMBER  OF 

RFC  DOLLAR  GAIN 

10  »  introduced 

ENGINES  INSPECTIONS  REPLACEtlCHTS 

FAILURES 

PER  trtoinc 

1  0. 

200 

4937 

682 

15 

>53686. 

2  0. 

200 

4924 

699 

16 

-64402. 

3  0. 

200 

5055 

779 

It 

-5240. 

4  0. 

2oa 

4950 

671 

11 

-13150. 

TOTALS  1 

600 

19966 

3451 

53 

-34665. 

000  OISK  OLD  CASE'HI  RES  PROBE  INSPECTION 
INSPECriON  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SfsO.OO. 


XNKrN,»<NAX,XNPI  »SAS3.  AL,I 

BETiXEFF.IPR 

=  500. 

500.  15260.  1 

.000  4.00 

1.00  1.  ' 

SUBFLtET 

rirfc 

NUMBER  OF 

NUNBER  OF 

HUfIPER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

I(>  4 

IHTftsJOUtED 

ENGINES 

INSPECTIONS  REPLACtMCMTS 

FAlLUREil 

PER  ENPINE 

1 

0. 

200 

4525 

1315 

5 

S5626. 

2 

0. 

20a 

4565 

1277 

3 

47463. 

S 

a. 

200 

4547 

1309 

4 

36339. 

4 

C’. 

£00 

4553 

1261 

10 

-22919. 

TOTALS* 

690 

16166 

5162 

22 

21627. 

C~S7 


eoo  DISK  OLD  CASE-Hl  RtS  PROBE  IN5PECT10H 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SFtb.OO. 

XNt1IN,XNt1AX,XNPI.5ASS.AL,BET,XEFF.lPR=  500.  SOO.  15268.  1.000  4.00  1.00  1.  J 

SUDFLEET  TIME  NUMBER  OF  NUMDeR  OF  NUMBER  OF  NUMBER  OF  RFC  DOLLAR  GAIN 
ID  #  INTRODUCED  ENGINES  INSPECTIONS  REPLACEMENTS  FAILURES  PER  ENGINE 


1 

0. 

200 

4157 

1654 

1 

49271 

L. 

0. 

200 

4207 

1641 

3 

29779 

3 

0. 

200 

4274 

1580 

2 

43000 

4 

0. 

200 

4234 

1628 

2 

40889 

TOTALS! 

800 

16012 

650  3 

8 

40735 

E-170 

800  DISK  OLD  CASE -HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR.  SF=2.nO. 

XNMIN,XNMAX,XNPI.SASS,AL,BET,XEFF,IPRr  500.  75000.  15260.  1.000  4.00  1.00  t.  1 


SUaFI.EET 

TIME 

NUMBER  OF 

NUMBER  OF 

HUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

10  « 

INTRODUCED 

ENGINES 

INSPECTIONS  PEPLACEMFNTS 

FAT’URES 

PER  ENGINE 

1 

0. 

200 

1526 

631 

65 

-538188. 

2 

0. 

200 

.1549 

628 

52 

-407961 . 

3 

0. 

200 

1518 

682 

60 

-485784. 

4 

0. 

200 

1489 

617 

5S 

-467343. 

TorAtsi 

600 

6082 

2458 

235 

-4  .’4819. 

E~1^1 


800  DISK  OLD  CA3E-HI  RtS  PROBE  INSPE  TION 
INSPECTION  TIME  SPECIFIED  UITH  CONSTANT  SAFET,  FACTOR.  5F=4.00. 


1  ,XNMAX ,  .XNPI ,  SA3S ,  AL  F 

BETfXEFFfIPR 

=  500. 

,  75000.  15260.  1 

.000  4.00 

1.00  1. 

SUBFLEET 

TIME 

NUMBER  OF 

NUMBER 

OF  NUMBER  OF 

NUMBER  OF 

RFC  OOLUR  1 

ID  • 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

200 

2176 

915 

31 

-212608. 

2 

0. 

200 

2150 

905 

20 

-102005. 

5 

0. 

200 

2230 

908 

20 

-102449. 

4 

0. 

20C 

2221 

904 

24 

-14(946. 

TOTALS* 

800 

8777 

3632 

95 

-139767. 

E-C8 


E-I7fi 


son  !>X9K  OLO  CA3E-HI  RES  PROBE  INSPECTION 
IMSPECflON  TIhE  SPECIFIED  HITH  CONSIANI  SAFETY  FACTOR.  SF=6.00. 

XNMIN,miA>:,XNPI,SA8SvAL,BET,XCFFiIPR=  SM.  75000.  15260.  1  .000  4.00  1  .00  1.  1 

SgOFlElY  TIHE  NUMBER  OF  HUMCER  OF  NUMBER  OF  NUMBER  OF  RFC  DOILAR  4MK 
ID  F  INTRODUCED  ENGINES  INSPECTIONS  REPLACEMENTS  FAILURES  PER  ENGINE 


t 

0. 

200 

2789 

1234 

0 

1587. 

2 

0. 

200 

2739 

1189 

13 

“466'.''. 

3 

0. 

200 

2616 

1275 

8 

-451 . 

4 

0. 

200 

2017 

1210 

4 

42917. 

TOTALS: 

eoo 

11161 

490S 

33 

-S96. 

E-173 


BOO  DISK  OLD  CASE-HI  RES  PROBE  INSPECTION 

INSPECTION  ^IME  SPECIFIED  HITH  STATISTICAL  UPDATE.  HAX  ALLONAB..E  FAILURr.  Pl.OBABIUTYsO.OQI®. 
XNriIH,XNMAX.XNPI,3A3S.AL.BET,XEFr,IPP=  500.  500.  15260.  I.JllV)  4.00  1.00  1.  1 


SUBFLEFT 

TIME 

NurniER  UF 

NUhDtK  Or 

Or 

V* 

pB*  ..At  1  BO  CBI'F-* 

ID  • 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FATVURsS 

per'^engi;-:? 

1 

0. 

200 

3714 

2150 

0 

35..65. 

2 

0. 

200 

•3721 

2145 

1 

25514. 

3 

0. 

200 

3713 

2158 

0 

331 S6. 

4 

p. 

200 

3705 

2177 

G 

34421 . 

TOTALS! 

600 

14853 

BbTV 

1 

32564. 

e~i74 


BOO  DISK  OLD  CASE-HI  RES  MOBF  INSPECT  ION 

INSPECTION  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  >!AX  ALLOHASt  E  FAILURE  PiWKiABIlITY'O .DOSS'. 
XWMIH.XNMAX,XNPI,SASS,AL.BET.XtFF,IPH=  ECO.  500,  1526S,  1,000  4. 00  t .DO  1,  1 


SUBFLEET  TIME  FAJMBER  OF  mSsEi^  OF  KUTkYER  OF  N!.)r«i£R  Of  RFC  OULLAR  OAIh 
ID  *  IMTROOUCEO  EieiKCS  INSFE-'.TIONS  REPLACEMENTS  FAILlVtS  PER  ENSINE 

’  c.  ECO  sees  i92o  i  scieb. 

c  0-  ECO  4CC?  loco  0  SIl'iB. 

3  0.  205  4060  Ta06  0  BC?5'. 

0.  200  3954  16!.«  0 

TOTALS!  BOO  tgeOB  7375  1  46399. 


£-58 


£-175 


C'Ci  DISK  OLD  CASE-HI  RES  PRf3e  tUSPCCTION 

INSrEClIOM  VI>IL  SPtC’FI^O  riTTK  j-ATISTiCAL  UPOATt-  MAX  ALLOWABLE  FAILURE  P»OBABIHTY=0.0800. 
XrJMIN.X  r,Ay.XWPI,SASS,ALiBtV.XEFF.IPfi=  SCO.  500  15Z60.  1.000  4.00  1.00  1  .  1 


i 

i 

i 


I 


SUBFLEET 

Tifie 

KRIBfk  UF 

NLtOER  OF 

NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  1 

ID  tt 

INTRODUCED 

ENGINES 

INFECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

800 

4797 

iOJ4 

e 

9243. 

Z 

0. 

£00 

4713 

1 1  IS 

12 

-34903. 

J 

C  , 

cuo 

479l 

1039 

5 

39140. 

#•, 

0. 

."00 

47ti 

1069 

9 

-2440. 

TOTALS! 

800 

19074 

4ZSC 

34 

2750. 

e-i7s 


EJ!'  DISK  t)1.0  CASE-lil  RES  PROBE  INSPECTION 

INSPECIIL’N  Ulif  SPEi/FTEC  HIT.)  STAnE%rK.AL  UFDAIE.  LUX  ALLOWABLE  FAILURE  PROBABILITY^O.OOIO. 
yNMil!,X:>.AX.>0'ri,SA5S,AL.EtI  .XfFF.rPR:  500.  75000.  15260,  1.000  4.00  1.00  1.1 


iUEiF  LEFT 

Yin; 

NonbER  Of 

NOtiocR  Or 

fvfiBER  Or 

NvT'iBER  OF 

f?rC  uCiLfcAf?  1 

in  # 

INTROO'JCEO 

ENCTNuS 

INSPECTIONS 

REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

£00 

3058 

2005 

0 

43460. 

£ 

a. 

20  0 

■1030 

1947 

3 

16220. 

3 

0. 

£00 

301V 

1071 

2 

24630. 

A 

0. 

206 

3043 

1941 

0 

46407. 

TOTALS" 

eoo 

12160 

7864 

5 

32603. 

E-t77 


SOB  DirK  Ci.O  CASE-HI  RES  PROBE  INSPECTION 

1115PECUW  TIKE  SI'ECIFIECi  «n.’  STATISTIC^'.  UPDATE.  MAX  ALLOWABLE  FAILURE  PROeABILITY=0.0050. 


X>01IU,XNHAX,XNPI,3A3S.AL,BET,XErF.Ii’R=  608.  71000.  I5Z60.  1.00U  4.00  1.00  1.  1 


SWTFiCEF 

TIME 

.NUrBER  OF 

NUMBER  PF 

in  * 

XSTFit'VUCEO 

ES43INES 

INSPECTION? 

fi. 

200 

2506 

£ 

0. 

200 

2449 

3 

n. 

2.TP 

2461 

4 

0. 

2.3G 

2451 

TOTALS! 

000 

9867 

NUOilR  OF 

NUMBER  UF 

RFC  DOLLAR  GAIN 

REPLACEMENTS 

FAILURES 

PEN  ENGINE 

1714 

3 

20297. 

1106 

5 

0642. 

167C 

9 

-29042. 

1600 

4 

19432. 

6780 

21 

6602., 

I;-#? 


C-17« 


aoo  DISK  OLD  CASE'HI  RIS  rKQBE  INSPECYION 

JNSPECTIOH  time  specified  MIIH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROBABILITYsO.OZOO. 


XNniN ,  XMtlAX .  XNPI ,  S  ASS  i  At  > 

BET.XEFF.IPR 

=  500.  75000  152&0.  1.000  4.00 

1.00  1.  1 

SUDFiEET 

TIME 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

NUmER  OF 

RFC  DOLLAR  GAIN 

TQ  « 

IHTROOUCED 

ENGINES 

INSPECTIONS 

PEPUCEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

200 

2154 

1031 

30 

-200121 

2 

0. 

200 

212 

1040 

22 

-120714. 

i 

0. 

200 

2153 

1090 

26 

-171274  . 

Tt 

0. 

200 

2110 

tuts 

19 

-97541 . 

TOTALS' 

000 

0552 

4192 

97 

-151413. 

E-179 

tSOO  TEST  SPECIMEN  I5TflES=2  CASE-HI 

RES  PROBE  INSPECTION 

INSPECTION  T1!!E 

SPECIFIED  WITH  CONSTANT  SAFETY  FACTOR 

.  SF=4.00. 

XNMIM .  Xt  IMAX .  XHPI ,  8AS8 ,  AL . 

BET.XEFF.IPR 

=  750.  75000.  23029.  0 

.900  4.00 

1.00  1.3 

SUOTLEET 

TIME 

MIMRFR  OF 

NUMBER  OF 

NUMBER  OF 

NUMBER  OF 

R(C  DOLl./«  GAIN 

ID  C 

INIROOUCEC 

1  ENGINES 

KISrECTIOtB  REPLACEMENTS 

FAILURES 

PLH  eNbiNc 

1 

0. 

375 

534 

50 

41 

27016. 

2 

750. 

375 

529 

45 

35 

29691 . 

3 

1500. 

375 

541 

54 

43 

26153. 

4 

2250. 

375 

537 

50 

41 

2'.9®9. 

TOTALS' 

1500 

2141 

215 

160 

2V462, 

.  . 

1500  TEST  SPECIMEN  I8TRC5=2  CASE-HI 

RES  PROSE  INSPECTION 

INSPECTION  TIME 

SPECIFIED  WITH  CONSTANT  SAFETY  FAC'-OR.  SF=A.OO. 

XNtllN  ,XNf1AX , XNPI  ,SASS ,  AL ,  BET ,  XEFF ,  IPR 

!=  750.  75000.  15200.  1 

.000  4.00 

1.00  1:3 

SUB-'LEET 

TIME 

i-^MBER  OF 

miMBEK  OF 

NUMBER  OF 

NUMBER  or 

RFC  COLLAR  GAIN 

ID  « 

INTRODUCED  ENGINES 

INSPECTIONS  KEPLALUirNTS 

FAILURES 

PER  EHGIhE 

1 

0. 

375 

933 

77 

25 

3L875 . 

2 

750. 

375 

923 

63 

15 

37160. 

3 

1500. 

375 

931 

72 

04 

333 J4. 

4 

22T0. 

3V5 

951 

7t 

20 

34063. 

TOTALS' 

1500 

3710 

200 

SA 

34460. 

£'*ei 


1500  TEST  SPECIMEN  ISTRES=2  CASE-HI  RES  PROBE  INSPECTION 
INSPECTION  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROBABILITYsO.OSOO. 

XNHIN,XNMAX,XHPI,SA5S,AL,BET,XEFF,IPR=  750.  75000.  23029.  0.900  4.00  1.00  1.  3 


iUBFLEET 

TIME 

NUMBER  OF 

MUMBER  OF 

HUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

ID  t 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

853 

246 

25 

29398. 

2 

750. 

375 

880 

246 

11 

35103. 

3 

1500. 

375 

860 

219 

21 

31611 . 

4 

2250. 

375 

668 

217 

19 

32482. 

TOTALS! 

1500 

3469 

928 

76 

32149. 

E-tM 

1500  TEST  SPECIMEN  ISTRE8=2  CASE-HI  RES  PROBE  INSPECTION 
IN-.PECTION  TIME  SPECIFIED  WITH  STATISTICAL  UPDATE.  MAX  ALLOWABLE  FAILURE  PROBAeiHTY=O.OSOO. 


XNMIK , XmAX ,XNPI , 5ASS ,  AL,BET , XEFF  ,  IPR 

=  750. 

75000.  15260.  1 

.000  4.00 

1.00  1.  ; 

SUBFIEET 

TIME 

WMBER  OF 

NUMBER 

OF  NUMBER  OF 

NUMBER  OF 

RFC  DOLLAR  ( 

ID  a 

INTRODUCED 

ENGINES 

INSPECTIONS  REPLACEMENTS 

FAILURES 

PER  ENGINE 

1 

0. 

375 

1151 

274 

17 

31941 . 

2 

7.50. 

375 

1175 

253 

8 

36031 . 

3 

1500. 

375 

1154 

235 

17 

32803. 

4 

2250. 

375 

1030 

217 

11 

35651 . 

TOTALS: 

1500 

4510 

979 

53 

34K3. 

